Chapter 2
Electrical Modeling of a Through
Silicon Via

Joohee Kim, Jun So Pak and Joungho Kim

Abstract 3D IC is emerging as a powerful solution for the next-generation system
packaging and integration technology to achieve low power consumption, high
channel bandwidth and high density integration capability simultaneously. As for
the vertical interconnect for a 3D IC, through-silicon via (TSV) is a key compo-
nent which can provide a significant performance improvement with greatly
reduced physical length of channels among vertically integrated chips. In this
chapter, the scalable and analytic electrical model of a TSV is proposed and the
high-frequency electrical behavior and signaling performance of a TSV is ana-
lyzed in frequency and time domains.

Keywords Differential signal TSV - Equivalent circuit model - Single-ended
signal TSV - Scalable model - TSV channel - 3D IC

2.1 Introduction

As technology advances in the nanometer era, the packaging density and system
performance of individual chips improve. However, the scaling of the minimum
feature size of the transistor slows due to the limitations from leakage power
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consumption, process variation, and cost issues [1-3]. In addition, many electronic
devices, such as tablets, laptops, and smart phones, have become more compact,
and, they must achieve multi-function and high-throughput computing perfor-
mance simultaneously. As a new powerful paradigm for next-generation system
integration and packaging technology, 3-dimensional integration emerges as a
promising solution. With 3D integration, many chips can be integrated in a vertical
axis, thus improving the system bandwidth by reducing the physical lengths of the
channels among the integrated chips. The conceptual scheme of 3-dimensional
integrated circuits (3D ICs) is shown in Fig. 2.1. As shown in Fig. 2.1, various
functional dies, such as memory, RF, and processor dies, are vertically and hor-
izontally integrated on a silicon-based interposer to be integrated in one package.
A through-silicon via (TSV) forms the vertical interconnect between stacked dies,
which enables a pure 3D IC to be realized and satisfies the small form factor, low
power consumption and high bandwidth system requirements simultaneously. As
shown in Fig. 2.1, a TSV is a via hole passing through the silicon substrate, which
is filled with a conductor such as copper (Cu), tungsten (W) or polycrystalline
silicon (poly-Si) for the electrical connection between dies [4]. An insulation layer
surrounding the via is used to electrically isolate the conductive silicon substrate
and TSV. Figure 2.2 shows SEM image of one test vehicle which includes TSV,
RDL, and insulation layer. Even then, the low fabrication yield from TSV and 3D
IC fabrication processes such as high-aspect-ratio via drilling/filling, thin silicon-
dioxide sidewall deposition, and die stacking with micro-bumps is an issue [5].
However, a TSV-based 3D IC is the way to go because it overcomes the critical
bottlenecks of 2-dimensional ICs in many ways, providing higher system band-
width and lower power consumption from the reduced chip-to-chip channel
parasitics, higher design flexibility and design freedom for multi-functional sys-
tems, and highly dense packaging to achieve a smaller form factor. In addition, a
TSV, which has a diameter of several um, can widen the bus width for the higher
system bandwidth without consuming more die area than wire bonding or flip-chip
bonding integrations. As a result, wide I/O design could be achieved more effi-
ciently by using TSVs and the number of I/Os of a TSV-based 3D IC will keep
increasing. Thus, understanding the electrical behavior of a TSV, which can
greatly impact on the overall 3D IC system performance is very important.

To design high-speed I/O channels with TSVs and perform signal integrity
analysis for the advanced 3D IC design, the TSVs must be electrically modeled
using design parameters such as geometric and material information up to the GHz
range. Then, the electrical model can be combined with other circuitry so that the
overall electrical performances of the system can be easily computed. Therefore,
the modeling and analysis of a TSV have been extensively researched as detailed
in [6-15]. With various targets or applications of 3D IC designs, the model has to
estimate the electrical behavior of a TSV, even if given different physical
dimensions and material properties. Thus, a scalable model of the TSV incorpo-
rating analytic equations must be proposed. Then, if the physical structure or the
material changes, the model can be scaled to estimate the electrical behavior of the
TSV channel based on the changes in the design parameters. Furthermore, a model
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Fig. 2.1 A 3-dimensional integrated circuit (3D IC); a vertical integration of homogenous and
heterogeneous dies, such as memory, RF, digital, processor die, and interposer, for realizing
highly dense packaging for high-speed integrated circuit systems [15] © 2011 IEEE

Fig. 2.2 A scanning electron

microscopy (SEM) picture of Re-distribution layer (RDL)
a through silicon via (TSV), —

which is a via hole through ol —ﬁ'
the silicon substrate, filled

with metal, and surrounded -

by an insulation layer

between the substrate and via
[15] © 2011 IEEE

with analytic closed-form equations can be expanded to evaluate electrical per-
formances such as power consumption, delay, and skew along the TSV-based
interconnect. In addition, the model provides insight into a TSV by including the
physical meaning of each parasitic component. Therefore, modeling with analytic
closed-from equations is very powerful.

In this chapter, the high-frequency scalable electrical model of a TSV with
analytic RLGC equations is proposed. The electrical behaviors of a TSV are ana-
lyzed with the proposed model. The analytic equations of the scalable model are
proposed in terms of design parameters, such as physical dimensions and material
properties. Thus, each analytic equation fully represents the physical meaning of a
parasitic component of a TSV. The scalability of the proposed model for a TSV is
verified by simulation with parametric variations from the 3D field solver. As a
result, a high-frequency scalable electrical model of the TSV channel is proposed.
To experimentally verify the proposed model, a series of test vehicles of a TSV
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channel are fabricated. The proposed model is experimentally verified with S-
parameter measurements up to 20 GHz. Therefore, the electrical characteristics of a
TSV channel are analyzed in the frequency domain with the verified scalable model
and with variations in design parameters. From this analysis, the capacitive and
resistive electrical behaviors of a TSV channel are characterized. In addition, the
design parameters that dominantly affect the TSV channel characteristic are ana-
lyzed in various frequency ranges. Furthermore, the overall electrical behavior of the
TSV channel is analyzed with fabricated test vehicles in the time domain. The time-
domain analysis of the TSV channel is performed using eye diagram measurements
for up to 10 Gbps input signals of pseudo-random bit data patterns.

2.2 Equivalent Circuit Model of a TSV

In this section, the electrical circuit model of a TSV, which is a physics-based
equivalent circuit model, is presented. This electrical model is proposed with
analytic RLGC equations based on the lumped model. Because the model is
derived from the physical structure, it fully expresses the physical meaning of each
parasitic component with the proposed closed-form equations. For the scalability
of the model, the model is proposed with structural parameters and material
properties as variables of the analytic RLGC equations. The structure and
parameters of a TSV are shown in Fig. 2.3.

Figure 2.3 shows the structure and parameters of a signal TSV, a ground TSV and
bumps in a single-ended signaling configuration with the via-last process. A via-last
TSV is a type of TSV that is formed after metallization. Thus, a via-last TSV passes
through not only the substrate but also the inter-metal dielectric (IMD) layer.
Because a TSV has to connect between top and bottom dies, it passes through the
silicon substrate vertically and the via is filled with metal for the electrical con-
duction. Copper (Cu), tungsten (W), and polycrystalline silicon (poly-Si) are used as
conductive fill materials. Among them, copper fill becomes the mainstream
approach today. For the substrate material, silicon is generally used to support
semiconductor devices; however, glass or other organic substrates are also con-
sidered as the substrate material to improve insulating performance [16].

For the current technology, the diameter of a TSV is several pm (<10 pm) and
the height of a TSV is less than 50 um. With the help of the greatly reduced length
of the interconnect between chips, TSV-based 3D IC has a significant advantage
over to 2D or 2.5D integration with wire bonding or flip chip packaging. In
addition, TSV-based 3D IC enables wide I/O application, because TSV consumes
much smaller die area per I/O. For the TSV-to-TSV pitch, the diameter to pitch
ratio is approximately 1:2.5 to 1:4 and depends on the fabrication technology and
the keep-out zone around a TSV. The thickness of the thin insulating layer sur-
rounding via is in the 0.1 to 0.5 pm range. There is another insulation layer that
forms on the bottom side of the silicon substrate, and this layer is referred to as the
bottom oxide layer. This insulation layer is necessary to provide insulation
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Fig. 2.3 A single-ended signal TSV structure and design parameters for the scalable modeling
[15] © 2011 IEEE

between the conductive silicon substrate and the metallic bump and also has a
thickness in the 0.1 to 0.5 pm range.

With this structure, a high-frequency scalable electrical model of TSVs with
bumps is proposed in Fig. 2.4. Each of the RLGC components corresponds to a
structure of a TSV. The analytic RLGC equations are derived from the physical
configuration with the design parameters. Therefore, each RLGC equation is a
function of the variables from the design parameters. As shown in Fig. 2.4, the
scalable electrical model is proposed by lumped components. The total lengths of
the TSV interconnect including the TSV and bump decrease to tens of pm as the
process technology advances. Because this length is sufficiently short compared to
the wavelength of the several or tens of GHz operating frequency, the lumped
approximation is valid and a single lumped stage is sufficient for the TSV model.

In the case of the via-first or middle process, the parasitic capacitances such as the
capacitance of IMD layer (Cpyp) should be neglected or other parasitic capacitances
has to be additionally considered to accurately estimate the electrical behaviors of a
TSV. In addition, if there are active circuits between TSVs, the assumed field
distribution can be changed. However, the main electrical characteristics and the
loss mechanism of a TSV channel are valid with the proposed model.

In a practical design, many TSVs, such as array-type TSVs, are designed,
instead of a single GS pair of TSVs. However, the equivalent circuit model of a
TSV among TSV array is equivalent to the proposed model shown in Fig. 2.4,
differing in that different weights have to be applied for each RLGC component.
Thus, we can perform array-type TSV modeling by extracting or modeling the
weights of the RLGC components.
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Fig. 2.4 An equivalent circuit model of a pair of signal and ground TSVs with bumps with
RLGC lumped elements assuming that the silicon substrate is floated [15] © 2011 IEEE

2.2.1 Electrical Modeling of a TSV with the Analytic
Equations

In this chapter, analytic RLGC components of the proposed equivalent circuit
model of a TSV are proposed and electrically modeled with analytic equations
which are functions of material properties, structural parameters, frequency, and
etc. The proposed equivalent circuit model is derived based on the physical
structure of a TSV. Among various TSV parasitics, the capacitance of a TSV is the
most important factor which determines the overall electrical behavior of a TSV.
To electrically isolate the TSV from the conductive silicon substrate, an insulation
layer surrounding the TSV is necessary. Due to this insulation layer, there is an
insulator capacitance, Cpysuiaror, @S sShown in Fig. 2.5. In this work, the substrate is
assumed to be floated. If the substrate is fully biased to the ground, then the
depletion capacitance has to be added to Cjg1a10r in series [13]. Since the TSV is
filled with metal and the silicon substrate is conductive, the insulator capacitance
can be derived from the coaxial-cable capacitance model [17, 18]. This equation is
originally obtained by solving Poisson’s equation in a cylindrical coordinate
system. Thus, Cjusuiaror 18 @ function of drgy, hzsy, and toy, as shown in (2.1). Since
the insulator capacitance of a TSV is separated into two parallel parts, as shown in
Fig. 2.5, the equation of Cj,g1a10r 1S expressed as half of the insulator capacitance
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Fig. 2.5 A top view and a
perspective view of a TSV
which passes through the
silicon substrate vertically.
The TSV is surrounded by an
insulator to be isolated from
the conductive silicon
substrate. Thus, Csuaror 1S
derived from the coaxial-
cable capacitance model
which is determined by drgy,
tox» hrsy, and hpyp [15] ©
2011 IEEE

Fig. 2.6 TSV capacitance
values from the proposed
analytic equations of Cpyguiaror
depending on variations of
TSV diameter (d7gy) with the
fixed ratio of drgy to TSV
pitch (prsv) as 1:2.5 and drgy
to TSV height (h7sy) as 1:6
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of a TSV. The calculated Cpygy1a10- 1 plotted in Fig. 2.6. Since the absolute value of
the TSV capacitance is not even 1 pF with the default dimension presented in
Fig. 2.6, this capacitance is the most dominant parasitic capacitance which
determines the overall electrical behavior of a TSV.
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Because TSV has 3-dimensional structure in the lossy silicon substrate, there is
a leakage through the substrate when there is a ground TSV near a signal TSV. The
amount of leakage current through the substrate is determined by the impedance of
the leakage path between signal and ground TSVs, thus, the impedance of the
Chrusulator Significantly affect to the insertion loss of a TSV due to the leakage
through the silicon substrate. As a result, as Cyygu1q0r inCreases, the insertion loss of
a TSV increases. If we decrease TSV diameter and increase TSV oxide thickness,
we can reduce TSV capacitance as shown in Fig. 2.6.

In addition, the conductance due to the loss tangent of the oxide insulator is
ignored in the proposed model since it does not affect the insertion loss of a TSV
considering the silicon substrate with the conductivity of 10 S/m. If the conduc-
tivity of the silicon substrate becomes very small like as high-resistivity silicon
substrate, the loss of a TSV is not dominantly dependent on the silicon substrate
conductance any more. Then, TSV resistance or the dielectric loss due to the loss
tangent of the oxide insulator become dominant which affect the insertion loss of a
TSV, and thus, we cannot ignore dielectric loss terms. For example, when the
material of the substrate is glass, the dielectric loss of the insulation layer has to be
considered for the accurate high-frequency modeling of a through-glass via
(TGV). Furthermore, if the temperature increases, the relative permittivity of the
dielectric material decreases which results in the smaller parasitic capacitance. The
temperature effect on electrical behavior of a TSV is analyzed with analytical
temperature-dependent modeling a TSV in Chap. 5.

One of the bump-to-silicon substrate capacitances of the upper side of the
silicon substrate, Cpyp1, has to be added to Cuguiaror 0f the proposed equivalent
circuit model, as shown in Fig. 2.7. This capacitance can be modeled as a parallel-
plate capacitor [19]. As shown in Fig. 2.7, the area, where the electric fields are
formed, corresponds to where the bump overlies the silicon substrate through the
inter-metal dielectric (IMD) layer. Thus, Cgympi is proportional to this area and
inversely proportional to the IMD height, hpyp. As a result, Cpypp1 can be cal-
culated with (2.2), which depends on drsy, dpump, and hpyp.

2
of () - (050}

hivp

CBumpl = &&rmp X [F] (22)

In a similar manner, another bump-to-silicon substrate capacitance due to the
bottom oxide layer on the bottom side of the silicon substrate, Cpyp2, has to be
added to Cjuguiarer- This bottom oxide layer is formed by the oxidation after back-
grinding of the silicon substrate. This process is necessary to expose the TSV and
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Fig. 2.7 A top view and a
perspective view of the upper
part of a TSV with a bump to

Area for the
capacitance

calculate the area where the modeling
electric fields are formed
between the bump and the
silicon substrate to model
Cgump1 Which has parallel-
plate capacitor configurations
[15] © 2011 IEEE
LA
SiO, layer ~ <i—8ilicon
™ substrate

connect it with another die. In general, the bottom oxide thickness is very thin
under 0.5 pm so that the value of Cgyyp2 is considerable to the overall parasitic
capacitance of a TSV. Cpyyp is also derived from the parallel-plate capacitor
model, as shown in Fig. 2.8. Therefore, drsv, dpump, Apump, and the bottom oxide
thickness, f,x pos, determines Cpymp2, as shown in (2.3). From (2.3), if the bump
diameter increases, Cpuny increases. Since the oxide thickness of the back-side of
the silicon is in 0.1 to 0.5 pm range, if the bump diameter is much bigger than the
TSV diameter, the impact of Cg,p2 on the capacitive characteristic of a TSV
becomes very significant as much as that of Cpar- As the TSV technology
advances, fine-pitch TSVs are preferred since it can reduce capacitive parasitic as
well as die area consumption even with large number of I/Os. However, if the
micro-bump directly contacted to a TSV does not shrink as much as TSVs, there
will be still a significant amount of parasitic capacitance due to the Cg,ypo €ven
with the reduced parasitic capacitance from the reduced TSV diameter effect.
Therefore, not only TSV diameter but also bump diameter has to be decreased in
order to effectively reduce the parasitic capacitance of a TSV. If both sides of the
silicon substrate are used for metal layers for signal routing or power distribution
network, then this capacitance can be removed from the equivalent circuit model
of a TSV.
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Fig. 2.8 A top view and a
perspective view of the
bottom part of a TSV with a
bump to calculate the area
where the electric fields are
formed between the bump
and the silicon substrate to
model Cgypo Which has
parallel-plate capacitor
configurations [15] © 2011
IEEE
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With the via-last process, the capacitance between the signal and ground bumps
from the underfill, Cypge,iu, the capacitances between the signal and ground TSVs
from the IMD layer, Cpyp, and the bottom oxide layer, Cgyom, have to be mod-
eled. As shown in Fig. 2.9, the cross-sectional areas of the TSV and bump are
circular. Hence, Cyugerfii, Cimp, and Cgoyom are derived from the model of the
parallel-wires capacitance [19]. The capacitances are determined by the distance
between the signal and ground TSVs or bumps, prsy, the diameter of the TSV and
bump, drsy and dp,,,,, and the height of the underfill, IMD layer and bottom oxide,
NBumps himp, and t,x por. If drsy and dpy,,, are very small in comparison with the

distance of separation, Z% (or (‘ZJ) >> 1, the natural logarithm replaces the
ump

inverse hyper cosine to simplify the calculation. However, since the TSV in 3D IC
is for denser integration with fine pitch, we assume that the ratio of prgy and dygy

or dpump, Z% (or Zi), is less than 10. Therefore, Cupdersit, Cimp, and Cpogom are
ump

modeled as shown in (2.4-2.6) (Fig. 2.10).
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Fig. 2.9 The upper part of a TSV and a bump with electric fields formed between the signal and
ground TSVs and bumps to model Cyygerfin and Cpyp. The TSV/Bump signal and ground pairs are
in a parallel-wire capacitor configuration. Cyygerfin is formed due to the underfill between bumps,
and Cpyp is formed due to the IMD between TSVs [15] © 2011 IEEE
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Fig. 2.10 The bottom part of a TSV and a bump with the electric fields formed between signal
and ground TSVs to model Cgyom, Which are in the parallel-wire capacitor configuration. Cgoom
is formed due to the bottom oxide layer between TSVs [15] © 2011 IEEE
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Fig. 2.11 A TSV passing through the silicon substrate with the electric fields formed between
signal and ground TSVs to model Cs;,, and Gs; . The parallel-wire capacitor configuration is
implemented [15] © 2011 IEEE

There is another parasitic capacitance contributed to the lateral side of the
bump. This capacitance is formed between the lateral side of the bump and the
conductive silicon substrate. It has to be added to Cpysyiaror Of the proposed model.
It can be calculated from the conformal mapping method of the vertical plate. This
method transforms a 3-dimensional interconnect into a parallel plate configuration
[20]. With drgy of 30 um, dpyyp of 70 um, Ay, of 10 um and Azp of 6 pm, this
capacitance is about 10 fF. This parasitic capacitance is not included as in parallel
with Cpysuaror in this proposed model, but, this fringe capacitance cannot be
ignored if the value of this capacitance becomes tens of fF.

Since the silicon is a semiconductor, there are capacitance and conductance
between the signal and ground TSVs, as shown in Fig. 2.11. In a similar manner as
modeling Cynderfitr, Cimp, and Caomom, the capacitance of the silicon substrate,
Csisup», 18 modeled by applying the parallel-wires capacitance model in (2.7). Thus,
Csisup 18 expressed as a function of drsy, prsv, hrsy, and hyp. The hrsy — hpp
term expresses the valid height where the electric fields are formed between the
signal and ground TSVs in the silicon substrate. In addition, a material property,
the relative permittivity of the silicon substrate, ¢, g;, is also a variable of Cg;gp.
Depending on dimension variations, the calculated Cy; g, is plotted in Fig. 2.12.

T X &0&rSi

m X (hrsy — huyp)[F) (2.7)

Csisub =

drsv

In most circuit designs, the dielectric losses can be ignored since the conductor
losses are dominant. However, as frequencies increase, it is important to consider the
dielectric losses which vary with frequency. When dielectric losses are accounted
for, the dielectric constant of the material becomes complex: ¢ = ¢ — j&”. Since the
imaginary portion represents the losses, %: 2nfe” becomes the equivalent loss
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Fig. 2.12 Silicon substrate < Silicon capacitance (Cg;.,;) >
capacitance values from the 40
proposed analytic equations
of Cg;s» depending on
variations of TSV diameter
(drsy) with the fixed ratio of
devtO TSV pi[Ch ([)Tsv) as
1:2.5 and dysyto hrsy as 1:6
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mechanism, where p is the effective resistivity of the dielectric material and f is the
frequency. Thus, the loss tangent can characterize the loss in dielectrics with

_ 1 _
tan|od| = s =
can be established as G = % (27fC), resulting in the relationship in (2.8) [21]. Thus,
the conductance of the silicon substrate, Gg; zup, iS proposed in (2.9).

%’,/ and then the relationship between capacitance and conductance

Csisub s
otsub 2ot 2.8
Gsisup  Osi 28
T X Og;
Gigup = ———— (hzsy — hup)[S] (2.9)
cosh™1 (ijﬂ)
sV

The physical origin of Gg;yp is the silicon conductivity, og;, which is pre-
dominantly determined by the majority carrier concentration. Therefore, it is
another significant design parameter, which dominantly affects the insertion loss of
a TSV. As shown in Fig. 2.13, silicon conductance increases as silicon conduc-
tivity increases. Thus, high-resistivity substrate may decrease silicon conductance
which reduces the insertion loss. In addition, increasing TSV-to-TSV pitch can be
another way to reduce the leakage through the lossy silicon substrate to the ground
by decreasing Gy; sup-

The resistances of the TSV and bump, Rrsy and Rpy, are also modeled with
structural parameters, as shown in (2.10) and (2.11). High-frequency current flows
close to the surface of the conductor due to the formation of the eddy current,
which is called the “skin effect”. To model Rzsy and Rpy,,, with a non-uniform
current distribution at high frequencies, the depth of penetration, which is the skin
depth, has to be determined to calculate the resistance of the TSV and bump. The
skin depth is defined by material properties, such as the permeability in H/m and
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Fig. 2.13 Silicon substrate < Silicon conductance (Gg; ;) >
conductance values from the
proposed analytic equations
of Gg;p depending on
variations of silicon
conductivity (og;) and TSV
diameter (d7sy) with drgyof
10 pm and hzgy of 60 um

25 3ms

2.4mS

Silicon Conductivity (og,) [Sm]

3;0 ‘ 4&) ‘ 50
TSV pitch (pysy) [em]

TSV diameter (d,) = 10um
TSV height (/15;) = 60um

the conductivity in S/m, and also the frequency in Hz [21]. Therefore, the analytic
equations of Rysy and Rp,,, are presented in (2.10) and (2.11).

Rygy = \ RZCA,TSV + Rt%c,TSV [Q] (2-1())

_ h
where Racrsv = prsy X W Q]

1

Oskin depth, TSV = — ==
VT UrsyO1sy

hzsv

[m]

Racrsv = kp | prsv (@]

X
drsy ) )
27 X B X Oskin depth, TSV — O i depe, TSV

In addition, there is another effect that induces current flow on the surface of the
conductor, but is non-uniformly distributed around the perimeter by attracting
currents to the inside-facing surfaces of the conductors, so called “proximity
effect” [22]. This effect begins to appear after the skin effect on-set frequency. The
proximity factor, k,, increases as round conducting wires such as TSVs are brought
closely together. For TSVs and bumps, the magnitude of the proximity factor, &,

is determined by the ratio Z% or Z’;ﬂ [22]. If other TSVs are located near the
ump

single-ended signal TSV, then this proximity effect between two TSVs or bumps
does not have to be considered. Then, k, is removed from the proposed equations.

And the calculated Rygy are shown in Fig. 2.14. As shown in Fig. 2.14, the skin
effect starts at around several hundred MHz and TSV resistance increases as
frequency increases. And TSV resistance is tens of mQ and this parasitic is less
significant than other parasitics of a TSV such as TSV oxide capacitance, silicon
substrate capacitance and silicon substrate conductance.
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Fig. 2.14 TSV resistance
values from the proposed
analytic equations of Rrgy
depending on frequencies up
to 20 GHz with the TSV
diameter (drsy) of 10 um and
TSV height (hzsy) of 60 pm

Fig. 2.15 TSV inductance
values from the proposed
analytic equations of Lygy
depending on frequencies up
to 20 GHz with the TSV
diameter (d7sy) of 10 pm and
TSV height (hrsy) of 60 um
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As the operating frequency increases, the impedance of the inductance becomes
more dominant than that of the resistance. And, the inductances of the TSV and
bump, Lzsy and Lpyy,, are modeled in (2.11) and (2.12) [17, 18].

Lrsy = =

LBump =

x hrsy x In [ 25V ) ) ] (2.11)
@
Prsv

X Rgyp X In Toumn [H] (2.12)
2

They are derived from the loop inductance model between two parallel con-
ducting wires. The Lysy and Ly, terms are equivalently separated into the signal
and ground TSV/bumps. Lrsy and Lpy, are also calculated using structural
parameters, such as drsy, prsv, hrsv, dpump, and hp,,,, and material properties, such
as the permeability of the TSV, w, rg,. Lrsy values depending on dimension
variations are plotted in Fig. 2.15 based on the proposed equations. As shown in
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Fig. 2.15, TSV inductance is 12 pH when diameter of 10 um and the height of
60 pm which has much lower inductance than the inductance of a bond wire which
has nH order.

2.2.2 Simulation and Measurement-Based Verification
of the Proposed Equivalent Circuit Model

To verify the proposed scalable model of a TSV channel, S-parameters from the
proposed model and a 3D field solver are compared in this section. From the
comparison with variations of drsy, hrsy, and prsy, the scalability of the proposed
model is successfully validated up to 20 GHz. The proposed model is also
experimentally validated by fabricating a series of fabricated test vehicles, which
include TSVs, bumps, and RDLs.

2.2.2.1 Simulation-Based Verification of the Proposed Scalable Model
of a TSV with Bumps

The scalability of the proposed TSV channel model is verified by simulation with
the 3D field solver, HFSS™ of Ansoft. Among many design parameters, drsy,
hrsy, and prsy are swept to validate the scalability of the proposed model up to
20 GHz. As shown in Fig. 2.16, the scalability of the proposed model is suc-
cessfully verified.

As shown in Fig. 2.16a, the proposed scalable model is verified with drgy
variations. As drgy varies from 10 to 30 pum, the S,; magnitude increases over the
entire frequency range. The proposed scalable model estimates the change of the
S, magnitude and S;; phase well as compared to those computed from the 3D
field solver with dygy variation. Even TSV diameter keeps shrinking as technology
advances, TSVs on silicon interposer, which redistribute signals from the chip to
the package do not have to be very small whose diameter is under 10 pm. Thus,
the variation range of the TSV diameter in this simulation covers the dimension of
not only on-chip TSV but also on-interposer TSV.

The proposed model with hzgy variation is also validated, as shown in
Fig. 2.16b. As hrgy increases, the insertion loss, as shown by the S,; magnitude,
increases. These results are due to the increased capacitance and conductance of
the silicon substrate, resulting in the decreased impedance between signal and
ground TSVs. It makes the insertion loss of the channel increase. The proposed
scalable model estimates the S,; magnitude and S,; phase well as compared to the
3D field solver when hzgy is varied from 30 to 70 pm.

As shown in Fig. 2.16¢, the proposed scalable model with pygy variation is also
validated. As prsy varies from 100 to 140 um, there is a good agreement between
the proposed scalable model and the 3D field solver up to 20 GHz.
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Fig. 2.16 S,; magnitudes and phases for the verification of the proposed scalable model of TSVs
with bumps by comparing the proposed model to the simulation with a 3D field solver: a TSV
diameter (d7sy) b TSV height (h7sy), and ¢ TSV-to-TSV pitch (prsy). The other TSV and bump
dimensions are fixed as drgy of 30 um, hzsy of 50 um, prsy of 100 pm, #,, of 0.5 pm, dp,y,, of

50 pum, hpyyp of 10 um, and hyyp of 10 pm [15] © 2011 IEEE
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Fig. 2.16 continued

It should be observed, however, that there is an additional inductive effect from
the inductance of the lumped ports when simulating with the 3D field solver,
which causes increments of the slope of the S,;; magnitudes over 10 GHz. Thus,
there are some discrepancies between the calculated results from the proposed
model and the simulation results from the 3D field solver over 10 GHz, as shown
in Fig. 2.16a—c.

2.2.2.2 Experimental Verification of the Proposed Model of a TSV
with Bumps and RDLs

To experimentally verify the proposed model, TSV channels are fabricated as for
the test vehicles. The top view and the cross-sectional view of the fabricated TSV
channel are shown in Fig. 2.17a, b, respectively. In order to measure the insertion
loss through the TSV channel, TSVs are connected by stacking two dies. And the
detailed dimensions are shown in Fig. 2.17c. There are two pairs of signal and
ground TSVs on each side and each pair are connected each other by RDLs which
are fabricated on the of the bottom die.

For the S-parameter measurements, on-chip cascade probes and a vector net-
work analyzer (VNA), the Agilent N2530A, are used. Measurement results are
compared to those from the proposed equivalent circuit model of the fabricated
test vehicle.

The comparisons of the magnitudes and phases of both the S,; and S, from the
proposed model and measurement are shown in Fig. 2.18. The proposed model
and the measurement are well correlated up to 20 GHz. As a result, we
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Fig. 2.17 a A top-view photograph of the test chip b the cross-sectional view and c the detail
dimensions of the fabricated test vehicle, which is the TSV channel including the TSVs, bumps,
and RDLs. The RDL on the bottom die provides horizontal connection between TSVs on the top
die [15] © 2011 IEEE

experimentally verified the proposed electrical model of the TSV channel. It
should be noted that the model for the verification includes the mutual effect
between two TSV pairs on the top die.
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Fig. 2.18 Verification of the proposed model by comparing the measured S parameters with the
calculated S parameters from the model [15] © 2011 IEEE

With the verified model, the electrical behavior of a TSV channel can be
analyzed; the proposed analytic and closed-form equations can be used to estimate
the power consumption, propagation delay, and timing skew of a TSV channel.
The equations can also be combined with other circuits to evaluate the signal
performance in 3D IC design. Since the model is scalable, it can estimate the
electrical behavior depending on design parameters.

In Sect. 2.3, the electrical characteristics of the TSV channel are analyzed with
the experimentally verified scalable model. Since the proposed model has scala-
bility, the impact of each design parameter on the electrical behavior of the TSV
channel can be easily analyzed. Then, the dominant RLGC components are ana-
lyzed which dominantly determine the insertion losses of the TSV channel in
different frequency ranges.
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2.3 Electrical Characterization and Analysis of a TSV
Channel

In this section, the electrical characteristics of a TSV channel are analyzed with the
proposed scalable equivalent circuit model, which is experimentally verified in
Sect. 2.2.2.2. The configuration of the TSV channel, which is used for the analysis
in this section, is the same as that of the fabricated test vehicle. The TSV channels
are analyzed as varying t,., drsy, prsv, hrsv, RDL length (Igp), and og;. In the
frequency-domain analysis, the dominant design parameters are determined in
specific frequency ranges by analyzing the insertion losses with S,; magnitudes. In
addition, the frequency-dependent loss of the TSV channel is analyzed by cate-
gorizing the measured frequency range into three parts: region [A] for 0-2 GHz,
region [B] for 2-10 GHz and region [C] for 10-20 GHz. In addition, eye diagram
measurements with data rates up to 10 Gbps are conducted for the time-domain
analysis of the TSV channel.

2.3.1 Frequency-Domain Analysis for Electrical
Characterization of a TSV Channel

For the TSV structure, an insulation layer has to be formed to isolate the TSV from
the conductive silicon substrate. The capacitance, Cj,z.ar0r 18 directly affected by
variation in #,, which is explained in the proposed equation in Sect. 2.2.1. Thus,
Chusulator INCreases as t,, decreases. As t,, decreases from 0.5 to 0.1 um, Crusuiaror
increases from 0.8 pF to 3.9 pF. The insertion loss through the TSV is dominated
by the leakage through the conductive silicon substrate after passing through the
insulator. As a result, an increase of Cy,410- TeSUlts in increased insertion loss due
to the lowered impedance along the leakage path to the silicon substrate given by
the equation, Z = 1/jwC. Therefore, the insertion loss through a TSV can be
reduced by increasing the thickness of the insulator.

However, with current technology to form an insulation layer around a TSV,
the thickness of the insulator, which is generally SiO,, is limited to under 0.5 pm.
This is due to process limitations in oxidizing a via with a high aspect ratio, which
is also related to cost. In addition, the value of Cpgyaror 1S relatively big as com-
pared to that of other parasitic capacitances of a few fF such as the Cyuderfitr, Ciup,
and Cgoyom- In a similar manner, if the thickness of the bottom oxide, #,xpor
decreases, the impedance of Cpy,» rapidly decreases as frequency increases. With
toxpor Of 0.5 pm, Cpympr is 0.2 pF. Thus, if #,, 4, decreases and dpyy, increases,
Cpump2 can bring more significant impact than C,ga0r in region [A].

Therefore, the capacitive effect due to the insulation layer dominates the
capacitive characteristic in the low frequency range, region [A], as shown in
Fig. 2.19a. In this region, the insertion loss rapidly increases as frequency
increases due to the decreasing impedance of Crsiaror-
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In addition, there is another loss term from the silicon substrate under the RDL,
Gy [15]. Tt also contributes to the insertion loss through the TSV channel. If the
height between the RDL and the silicon substrate becomes smaller and the length
of the RDL increases, the effect from Gy, increases [23, 24]. Thus, the resistive
losses from the RDL itself and the silicon substrate under the RDLs become
significant as the length of the RDL increases beyond a mm, and the width and
thickness of the RDL decreases in 3D IC design. The significant factor that
determines the amount of resistive loss through a TSV is the silicon substrate
because it is conductive and TSVs are formed passing through it vertically.

There is one another resistive loss factor from the TSV itself, Rygy. The
resistive loss from Rygy, in the case that it is made from copper, is negligible due to
the comparatively small value of resistance, which is a few mQ. If the metal filling
the TSV is tungsten or poly silicon, which has a higher resistivity than copper, the
resistive loss due to Rygy will contribute more to the overall resistive loss through
the TSV interconnect. There is no significant change in the insertion loss for region
[C], even with the decrease of prgy resulting in an increase of Cg;gp and Gy;gyp,
which dominantly affect the loss term. This is due to the decrease in inductances
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such as Lysy, Lpump, and Lgpy, as prsy decreases. A decrease in the inductance of
the TSV channel reduces the insertion loss in region [C]. Thus, the effects on the
insertion loss from the decreased inductance and increased Cg;yp, and Gs;gp
compensate each other in region [C] and make the loss steady even with the prgy
varying. As a result, pitch variation dominantly affects the electrical characteristic
of a TSV channel in region [B]. In addition, this effect is gradually reduced as
frequency increases over 10 GHz due to the increased inductance effect from the
TSVs, bumps, and RDLs.

Variation in dygy changes almost all the RLGC components of the proposed
equivalent circuit model of a TSV channel. With increasing drsy, the effective
distance between the signal and ground TSV decreases, when prsy is fixed.
Therefore,

Csisup and Gg;gp increase, which increases the insertion loss. In addition,
Crusulator InCreases due to an increase of the effective area where the TSV faces the
silicon substrate through the insulation layer. Therefore, overall insertion loss in
region [A] and [B] increases as drsy increases, as shown in Fig. 2.20a.

In a similar manner with the previous analysis for prgy variation, the decreased
inductance effect from Lz gy, which makes the insertion loss constant even with the
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increase of Cg; s, and Gy; zup, 1S shown in region [C], Fig. 2.20a. As drgy increases
from 10 to 30 um, Lysy decreases from 20.8 pH to 14.7 pH. Thus, there are no big
insertion loss changes even with drgy variation in region [C]. In addition, Rygy
also decreases as drgy increases. However, this resistance is too small to be
considered as discussed in the previous analysis for prgy variation.

Thus, the overall characteristic of the TSV channel with drgy increasing results
in the increased insertion loss, which is dominantly determined by Cs;g,, and
Gsisup- In summary, drsy affects the frequency dependent loss of the TSV channel
in almost all frequency ranges, but is dominant in regions [A] and [B].

As shown in Fig. 2.20b, the insertion loss of the TSV channel increases in all
frequency ranges as hpgy increases from 50 to 110 um, because it not only
increases Cruuiaror and Cs; g, but also increases Lrsy. Therefore, the increasing
hrsy increases the insertion loss in all frequency ranges, regions [A], [B], and [C].

In a similar manner to the analysis of 7,, variation, Cj,s,q0r dominantly affects
the insertion loss in region [A]. In region [B], Cs;zp and Gg;yyp are the dominant
factors that determine the insertion loss as analyzed for both prsy and dysy. In
region [C], the inductances of the TSV channel start to affect the insertion loss.

As shown in Fig. 2.21a, as length of the RDL, lzp;, increases from 220 to
660 pum, the insertion losses in regions [B] and [C] increase due to an increase in
the inductance and the resistance of the RDL, Lgp, and Rgp,. From this analysis, it
is apparent that regions [B] and [C] are dominantly affected by the inductive
characteristic of the RDL. As Igp;, increases from 220 to 660 pum, Lrgy increases
from 150 pH to 452 pH. As the operating frequency increases over a few Gbps, the
RDL routing becomes a critical design issue for high-speed 3D IC channel design
to guarantee the signal quality of the channel.

Silicon conductivity, ag;, is a material property that has a considerable influence
on the electrical characteristics of the TSV channel. Because it changes Gyg; 5, and
Gy, Which determines overall insertion loss of a TSV channel. As og; increases
from 10 S/m to 50 S/m, Gyg; g, increases from 1.4 mS to 6.98 mS. As a result, the
insertion loss of the TSV channel increases. The gs; change does not dominantly
affect the insertion loss in region [A], however, in regions [B] and [C], it does.
Therefore, the important design parameters of the TSV channel in 3D IC are not
only the physical parameters but also the material properties.

In summary, the electrical characteristics of the TSV channel are analyzed with
insertion loss data up to 20 GHz. The TSV channel has capacitive and resistive
characteristics, and is also frequency dependent. The overall loss of the TSV
channel is determined to be dominated by the conductance of the silicon substrate.
If the RDL length increases to the mm range, the RDL contributes significantly to
the loss of the TSV channel. The overall electrical behavior has a capacitive
characteristic from the parasitic capacitances whose impedances change as fre-
quency varies. However, the frequency dependence is determined to be dominated
by the parasitic inductances of the TSV channel over 10 GHz. As a result, the
capacitive TSV effect is dominant in the lower frequency range, and the inductive
RDL effect becomes dominant in the higher frequency range.
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With these analyses, we summarize the design parameters and RLGC compo-
nents which have a major impact on the frequency dependent loss of the TSV
channel. As shown in Fig. 2.22, there are design parameters which dominantly
determine the frequency dependent loss of the TSV channel; #,y, ox por and drsy in
region [A], prsy and hzgy in region [B], hzsy and lgpy in region [C]. Additionally,
the dominant RLGC components of the proposed model of the TSV channel are
summarized; Cpsyiaror 0 region [A], Cs;qp in region [B], Lysy and Lgpy, in region
[C]. Other RLGC components which have a minor impact in each frequency range
are summarized; Cpymp2 have a minor impact in region [A], Cynderfitt, Civp» CBottoms
Cror, Crpr_to_sup and Cg,p,, have a minor impact in region [B] and [C] [15].

2.3.2 Time-Domain Analysis of a TSV Channel

For the time-domain analysis, eye diagram measurements are conducted on the
fabricated TSV channel, which includes the TSVs, bumps, and RDLs. The input
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Fig. 2.22 S,, magnitude from the proposed model showing dominant design parameters and
RLGC components, which determine the insertion loss for the different frequency ranges: in the
lower frequency range, the capacitive TSV effect dominates; in the higher frequency ranges, the
RDL effect, which is inductive, becomes dominant [15] © 2011 IEEE

signal is a 2 *' — 1 pseudo-random bit sequence with an amplitude of 500 mV,,_,.
The output waveforms are monitored using a digital sampling oscilloscope, Tek-
tronix/TDS8000B, equipped with a 20 GHz sampling module.

The eye diagrams from the measurement and the proposed model with data
rates of 1 Gbps, 5 Gbps, and 10 Gbps with random data of 2*! — 1 bits transmitting
through the fabricated TSV channel are shown in Fig. 2.23. The shapes of the eye
diagrams from the measurement and the proposed model are matched well.
However, there are some differences in the eye opening and the pk-pk jitter
between the measurement and the proposed model. Those differences are due to
the cables used for the measurement that bring additional 1.4 dB, 3.6 dB, and
4.3 dB losses at 500 MHz, 2.5 GHz, and 5 GHz, respectively. Therefore, the eye
openings with 1 Gbps, 5 Gbps and 10 Gbps random data are smaller than that from
the proposed model by several tens of mV.

In addition, the measured pk-pk jitter is larger than that from the proposed
model by 6-7 ps, because there is random jitter produced from the measurement
equipment, the pulse pattern generator (PPG), and jitter additionally caused by the
two cables used for the measurements.

From the measured eye diagrams in Fig. 2.23, as the data rate increases, the
voltage and timing margins decrease, which are presented with the normalized
eye-opening and pk-pk jitter. The normalized eye-opening and pk-pk jitter are
83.4 % and 0.8 %, respectively, for data rates of 1 Gbps. As the data rate is
increased to 5 Gbps and 10 Gbps, the normalized eye-opening decreases to 70.6 %



2 Electrical Modeling of a Through Silicon Via

Voltage (mV)

Voltage (mV)

500

0 d— -
Pk-pk jitter : 8

Measurement

Eye-opening : 417 mV
=83.4% V;, (500 mV)

Pk-pk jitter : 8 ps
=0.8% UI

@ 1 Gbps

0 0.4 0.8

1.2 1.6 2

Time (nsec)

=4% Ul

ps

Eye-opening : 353 mV
= ?0.6% Vi, (500 mV)

7

@ 5 Gbps

0 008 0.6

024 032 04

Time (nsec)

=11.4% Ul

k—pk ier 11.4ps

Eye-opening: 318 mV
=63.6% Vi, (500 mV)

@10 Gb_ps

0 004 008

0.12
Time (nsec)

016 02

Voltage (mV) Voltage (mV)

Voltage (mV)

49

Proposed Model

Eye-opening : 480 mV
=96% V;, (500 mV)

b

r

0
Pk-pk jitter : 1.7 ps
=0.17% Ul

@ 1 Gbps

0 0.4

g

0
Pk-pk jitter : 1.8 ps

0.8 12
Time (nsec)

16 2

Eye-opening : 442 mV
=88.4% V,, (500 mV)

KL

=0.9% Ul @5 Chps
0 008 016 024 032 04
Time (nsec)

Eye-opening: 413 mV
=82.8% V;, (500 mV)

Pk-pk jitter : 3.8 ps

= 3.8% U @ 10Gbps

0 004 008 012 016 02
Time (nsec)

Fig. 2.23 Eye diagrams from the measurement and the proposed model with 1, 5, and 10 Gbps
random data of 2°' — 1 bits traveling through the fabricated TSV channel. As the data rate
increases, the normalized eye opening decreases and the normalized pk-pk jitter increases due to
the frequency dependent loss of the TSV channel, which are capacitive and resistive [15] © 2011
IEEE

and 63.6 % and the normalized pk-pk jitter increases to 4 % and 11.4 %. Signals
through the TSV channel, however, have open eyes because of the short inter-
connection length of the TSV and RDL, even with a data rate of 10 Gbps.
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Since the TSV channel has capacitive and resistive characteristics as analyzed
in Sect. 2.3.1 on the frequency-domain analysis, it has a frequency dependent loss.
In addition, because the energy of the signal is predominantly concentrated at the
Nyquist frequency, the insertion loss is not constant in frequency domain, how-
ever, increases as the data rate increases. Thus, the amount of signal degradation
through the TSV channel increases as the frequency increases. For example, the
energy of the signal with a data rate of 1 Gbps is mostly concentrated at 0.5 GHz.
From the measurement results, the insertion loss at 0.5 GHz for the TSV channel is
—0.5 dB. However, with a data rate of 10 Gbps, the TSV channel has insertion
loss at the Nyquist frequency, 5 GHz, of —1.5 dB. Thus, the frequency dependent
loss in the frequency domain directly results in the increase of the rise time of the
signal in the time domain as operating frequency increases. Furthermore, if the
frequency dependent loss of the TSV channel becomes severe, it can cause inter-
symbol interference (ISI), which is the signal degradation of the timing and signal
integrity margins.

However, as 3D integration density increases, the number of dies, which have
to be vertically integrated in one system, increases. Thus, high-speed I/O signals
pass through many TSVs. This can cause an additional capacitive load due to the
increasing parasitic capacitances of the TSVs. It results in an increased timing
delay, lowered slew rate and increased timing jitter of the signal. Based on the
model and analysis of the TSV channel in the previous sections, as drsy and hzsy
becomes smaller or ¢,, becomes thicker, the capacitive load due to the TSV can be
reduced. Therefore, we can sharpen the rising edge of the signal for better system
performance and increases the bandwidth of the TSV interconnect by optimizing
drsy, hrsy, and t,,. In a similar manner, if there are more than two RDL layers and
are densely routed, the capacitive load from the RDLs also increases and it will
significantly affect to the overall signaling performance of the channel. In order to
optimize the RDL design, it is necessary to minimize the capacitance due to RDLs
by reducing wgpy, increasing Sgpr, and minimizing the routed length of RDLs.

Since 3D IC design has still challenging issues in terms of yield and cost, many
of industries currently focus on 2.5D integration using a silicon interposer which is
a marginal silicon die enabling 2-dimensional multi-chip integration on a silicon
die and provides RDLs as for the chip-to-chip interconnect on die and TSVs in
order to redistribute the pins from the integrated chips to the package and the
printed circuit board. In this case, the portion of RDLs along the 3D IC channel is
very significant, and the length of RDLs has several mm order which may result in
a severe signal degradation due to the increased RC delay, insertion loss and
crosstalk effect. Therefore, the impact on high-speed signaling, I/O power con-
sumption and routability issues from the RDL design have to be also carefully
concerned for the advanced 3D IC channel design.

Eye diagrams which are computed with the proposed model are shown in
Fig. 2.24, for signals passing through a different number of TSV pairs and RDLs.
As the number of TSVs that the signal is traveling increases from two to eight, and
the length of RDL increases from 500 to 2 mm, the eye-opening decreases 10 %
and the pk-pk jitter increases 0.2 %. We can confirm the effect from the increased
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Fig. 2.24 Eye diagrams of the proposed model with 10 Gbps pseudo-random data traveling
through (a) two TSV pairs and RDLs; and (b) eight TSV pairs and RDLs [15] © 2011 IEEE
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Fig. 2.25 Eye diagrams of the proposed model with 10 Gbps random data traveling through two
TSV pairs and RDLs with (a) t,, of 0.5 um; and (b) 7,, of 0.1 pum [15] © 2011 IEEE

capacitance of the TSV channel with these computed eye diagrams from the
proposed model. Even though the eye is still clearly open, if the coupling ratio
among the TSVs increases significantly or the RDL coupling increases from the
long and dense routing, the eye can become more degraded.

In addition, as analyzed in the frequency-domain analysis, if the thickness of
the insulator, 7,,, becomes thinner, the insertion loss of the low frequency com-
ponents, especially under 2 GHz, increases, even though the high frequency
components almost does not change. Hence, as shown in Fig. 2.25, the slope of the
rising edge, where the high frequency components are concentrated, does not
change, when the 7,, is decreased from 0.5 to 0.1 pm.

Therefore, we analyzed and confirmed the frequency-dependent loss of a TSV
channel in the time domain, which was characterized in the frequency domain in

Sect. 2.3.2 (Fig. 2.26).
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Fig. 2.26 A conceptual 3-dimensional integrated circuit (3D IC), which includes vertical
integration of dies with differential signal through-silicon vias (TSVs). For differential signaling,
there are two signal TSVs, which transfer the signals with the same amplitude but are out-of-
phase [25]

2.4 Electrical Analysis of a Single-Ended and Differential
Signal TSV Channel

For reliable high-speed signaling with high noise immunity, a differential signaling
scheme is generally preferred for higher system performance than a single-ended
signaling scheme. However, based on the simulation results from Sect. 2.3.2,
differential signal TSVs also have frequency-dependent loss and capacitive-
dominant characteristics, which can degrade the high-speed signal transmission.
Thus, a differential signaling scheme (GSSG-type) is compared to a single-ended
signaling scheme (GSG-type) by analyzing the insertion loss, characteristic
impedance, TDR waveform, and eye diagram in this section. Then, the pros and
cons of using differential signaling rather than single-ended signaling with TSVs
are analyzed.

For the differential signaling scheme, a GSSG-type differential signal TSV is
modeled and analyzed in this paper. The electrical behavior is compared with a
single-ended signaling scheme by selecting a GSG-type configuration. The
dimensions and material properties of the TSVs, bumps, and metal lines are
described in Tables 2.1 and 2.2. The top views of the fabricated test vehicles of the
GSSG-type and GSG-type are illustrated in Fig. 2.27. The performance analysis
and comparison are conducted with frequency domain measurements including
insertion loss and characteristic impedance, and time domain measurements such
as a TDR waveform and eye diagram of the two signaling schemes.
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Table 2.1 Design parameters and the corresponding dimensions of the fabricated differential
signal TSV [25]

Design parameter Dimension (pum)
TSV diameter ( drgy) 45
TSV height (hzsy) 60
TSV oxide thickness (¢,,) 0.25
TSV-to-TSV pitch (prsv) 250
Bump diameter (dpmp) 120
Bottom metal line length (Izp;) 360
Bottom metal line width (wgp;) 100
Metal line thickness (fzpr) 2
Metal via diameter 30
Metal via height 4
Metal pad diameter 40
Metal pad thickness 2

Table 2.2 Material parameters with symbols and values for the fabricated differential signal
TSV [25]

Material parameter Value
Conductivity of Silicon substrate (gs;) 10 (S/m)
Resistivity of TSV (prsy) 1.68 x 1078 (Q'm)
Resistivity of bump (pump) 1.09 x 1077 (Q-m)
Resistivity of RDL (pgpy) 1.68 x 1078 (Q:m)
Relative permittivity of Silicon substrate (g, ;) 11.9

Relative permittivity of insulator (&, jusutarori) 4

Relative permittivity of IMD (¢, jmp) 2.6

Relative permittivity of underfill (e, yngersin)) 1

Relative permeability of TSV (u,. 7sv)
Relative permeability of bump (1, gump)
Relative permeability of RDL (u,, rpr)

—_— =

2.4.1 Frequency-Domain Measurement and Analysis
of Single-Ended and Differential Signal TSV Channel

Figure 2.28 shows the measured insertion losses, which are differential mode S,
magnitude for a differential signal TSV and S,; magnitude for a single-ended signal
TSV up to 20 GHz. From comparing the results, we noticed that the GSSG-type has
larger insertion loss than that of the GSG-type over almost all of the frequency range
up to 20 GHz. This difference is due to the equivalent capacitance and conductance
difference that a signal encounters. Because a silicon substrate has losses, if the
capacitance and conductance of the silicon substrate increase, the insertion loss
increases. For the GSG-type, a signal TSV has two ground TSVs near a signal TSV
with a pitch of prgy. However, for the GSSG-type, the mutual capacitance and
conductance between the signal TSVs is effectively double the value of the GSG-
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Fig. 2.27 Top view of the fabricated test vehicles of a (a) GSSG-type differential signal TSV
and (b) GSG-type single-ended signal TSV for performance comparison and analysis. Two dies
are stacked to connect the TSVs on the fop die with metal lines on the bottom die [25]
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type due to the virtual ground effect. Thus, the GSSG-type has a larger capacitance
and conductance than GSG-type. Thus, the GSSG-type has 1.2 dB larger insertion
loss than the GSG-type at 5 GHz.

Next, we analyze the characteristic impedances from both signaling schemes.
The characteristic impedance is computed from the measured S-parameters in
Fig. 2.29.

From the Fig. 2.29, the odd-mode impedance of the GSSG-type has lower
characteristic impedance than the GSG-type for all frequencies. This phenomenon
is because the GSSG-type has a larger equivalent capacitance and conductance
than the GSG-type. Since there is a virtual ground between two signal TSVs in
case of differential signaling, the effective parasitic capacitance to the ground
which affects to the loading capacitance for the signal is larger than the
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single-ended signaling case. Additionally, the characteristic impedances of the
GSSG-type and the GSG-type are less than 100 Ohm and 50 Ohm, respectively.
Because a TSV has a thin insulation layer surrounding a via and has a short height,
the capacitive characteristic of a TSV is more dominant than the inductive factor
on the overall electrical behavior of a TSV. In terms of the characteristic
impedance of TSV channels, even there’s a large impedance mismatch due to
TSVs along the channel, it does not result in serious signal degradation since the
electrical length of a TSV is short enough.

However, if the operating frequency increases to hundreds of GHz and the number
of stacked dies increases, the impact of the impedance mismatch cannot be ignored
any more since the TSV channel becomes electrically long enough which has to be
considered as a transmission line. The impedance of a differential signal TSV and a
single-ended signal TSV can be controlled by optimizing the design parameters of a
TSV. For example, a TSV with smaller via diameter, thinner oxide thickness, longer
TSV-to-TSV pitch and shorter via height has the higher characteristic impedance.
These design guidelines are the way to decrease the parasitic capacitance and also to
increase the parasitic inductance of a TSV. Since the characteristic impedance varies
as frequency increases, it is necessary to consider the Nyquist frequency of the target
data when determining the target characteristic impedance of the TSV channel in
order to minimize the impact of the impedance mismatch.

2.4.2 Time-Domain Measurement and Analysis of Single-
Ended and Differential Signal TSV Channel

In this section, time-domain measurement and analysis of single-ended and dif-
ferential signal TSV channel are presented with eye diagram and TDR measure-
ments. In real design phases, the maximum timing and voltage margins of the
channel are specified and have to be evaluated in order to guarantee the system
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Fig. 2.30 Eye diagrams from measurements with a 10 Gbps pseudo-random bit sequence
(PRBS) of data with 2°' — 1 bits traveling through (a) the GSSG-type single-ended signal TSV
and (b) the GSG-type differential signal TSV of the fabricated test vehicles. The measured eye
diagram includes the cable effect [25]

operation. Thus, it is necessary to analyze and evaluate the impact of the channel
performance in time domain to meet the system requirements.

Based on the previous discussions on the frequency-domain analysis, it can be
expected that the eye-diagrams of the signal passing through the GSSG-type
differential signal TSV is worse than that of GSG-type single-ended signal TSV as
shown in Fig. 2.30. The eye diagram is measured with 10 Gbps pseudo-random bit
sequence (PRBS) of data with 2*' — 1 bits with a PPG and TDS 8000B. For the
GSG-type, eye opening and timing jitter are 352 mV and 13.87 ps, respectively.
For the GSSG-type, eye opening and timing jitter are 275 mV and 14.11 ps,
respectively, which is a tighter voltage and timing margin than the GSG-type.

From the TDR waveforms, we can compare the capacitive or inductive char-
acteristics of the channel. Figure 2.31 includes the measured TDR waveforms
from the GSSG-type and the GSG-type. For the TDR measurements with GSSG-
type, differential step pulses are injected, which have the same amplitudes but are
out-of-phase, to obtain the differential reflected voltages. The straight line in
Fig. 2.31 shows the TDR waveform from the GSSG-type and the dotted line shows
that from the GSG-type. The capacitive peak from the GSSG-type is lower than
that from the GSG-type. Thus, we confirm that the equivalent capacitance of the
differential signal TSV (GSSG-type) is greater than that of the single-ended signal
TSV (GSG-type), which was previously discussed in the modeling section.

Next, the coupled noise voltages with the GSSG-type and the GSG-type are
measured. Figure 2.32 illustrates the top view of the fabricated samples for the
measurements. The thinned dies with two pairs of GSSG-type and two pairs of
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GSG-type signal TSVs are fabricated. The dimensions of the structure are the
same as those from the previous samples. However, the die is not stacked but is
instead thinned to make TSVs open-ended.

For the measurement of a GSSG-type, differential clock signals with 250 mV
peak-to-peak amplitude that are out-of-phase are used for the noise source at the
aggressor, which is a pair of GSSG-type. The coupled noise voltages are measured
at the opposite side of a GSSG-type signal TSV pair. Then, we subtract output
voltages from the two signal TSVs of a GSSG-type signal TSV pair to obtain the
differential output voltage. For the noise coupling measurement with the GSG-
type, the measurement environment is similar. The input source is the clock signal
with a 500 mV peak-to-peak amplitude and the coupled noise voltage is measured
at the opposite side of a GSG-type signal TSV pair with an oscilloscope. The clock
frequency is 1 GHz.

The measured coupled noise voltage waveforms are shown in Fig. 2.33. For the
GSSG-type, the peak-to-peak noise voltage is 16 mV. For the GSG-type, the peak-
to-peak noise voltage is 34 mV. From the measurements, a differential signal
TSV (GSSG-type) is better in noise immunity than a single-ended signal TSV
(GSG-type). Although differential signaling with TSVs results in a greater inser-
tion loss and tighter voltage and timing margins, it still has the advantage of higher
noise immunity for sensitive and high-speed systems.

Table 2.3 includes a comparison between a differential signal TSV (GSSG-type)
and a single-ended signal TSV (GSG-type) based on the performance metrics, such
as the number of TSVs, insertion loss, characteristic impedance, eye opening, timing
jitter, and coupled noise voltage. Even with the advantage of a higher noise
immunity for differential signaling, differential signaling with TSVs results in a
more degraded signal transmission than single-ended signaling. Because a TSV is a
capacitive interconnect due to the thin oxide layer and has leakage through the
silicon substrate, the electrical behavior of differential signaling with TSVs is worse
than that of a single-ended signaling with TSVs. To use differential signaling with
TSVs in 3D ICs, we must consider these electrical behaviors.
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Fig. 2.32 Top view of the fabricated test vehicles of (a) a GSSG-type differential signal TSV
and (b) a GSG-type single-ended signal TSV for performance comparison and analysis. The
TSVs in the test vehicles are open-ended for the noise coupling measurements [25]

Fig. 2.33 The measured 20
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Table 2.3 A comparison of various electrical characteristics for differential and single-ended
signaling schemes [25]

Performance metrics GSSG-type differential GSG-type
signaling single-ended

signaling

Number of TSVs 4ea (GSSG) 3ea (GSG)

Insertion loss @ 5 GHz —2dB —0.8 dB

Characteristic impedance 27-52 Q 28-78 Q

(0.01-5 GHz)
Eye opening (V;, = 500 mV) 275 mV 352 mV
Timing jitter (ty; = 80 ps) 14.11 ps 13.87 ps

Coupled noise voltage 16 mV 34 mV
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2.5 Summary

In this chapter, the analytic scalable model of a TSV is proposed with closed-form
equations which are functions of the design parameters, material properties and
frequency. Based on the proposed model, the electrical characteristics of a TSV
depending on design parameter variations are analyzed up to 20 GHz. The TSV
channels are fabricated and measured for the model verification. The model is
successfully verified by experimental results in frequency- and time-domain. In
order to evaluate the signaling performance of single-ended and differential TSVs,
the test vehicles are fabricated and measured for the analysis.
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