
154 IEEE TRANSACTIONS ON COMPONENTS, PACKAGING, AND MANUFACTURING TECHNOLOGY, VOL. 1, NO. 2, FEBRUARY 2011

High-Speed Design and Broadband Modeling of
Through-Strata-Vias (TSVs) in 3D Integration

Zheng Xu, Student Member, IEEE, and Jian-Qiang Lu, Fellow, IEEE

Abstract—Through-strata-via (TSV) technology emerges as the
key technology to enable 3D integration. In this paper, 3D electro-
magnetic field solvers and analytic circuit simulators are employed
to study and model TSV electrical performance. Performance of
simple TSV structure is analyzed in the time domain and frequency
domain. Performance impacts of various TSV configurations are
evaluated. A broadband TSV equivalent circuit model is developed
for 3D circuit design. Key results include: 1) excellent TDR/TDT
behavior and wide open eye diagram with ultra low bit error rate
can be achieved with a given TSV configuration; 2) TSV perfor-
mance depends on TSV configurations (e.g., circular, rectangular,
square, tapered, and annular shapes as well as their scaling), but a
wide range of different TSV configurations can be optimized with
acceptable TSV performance; and 3) broadband TSV equivalent
circuit models can be established and used for 3D circuit design
with electronic design automation tools.

Index Terms—Broadband model, equivalent circuit, three-di-
mensional (3D) integration, through-strata-via (TSV).

I. INTRODUCTION

T HE conventional planar (2D) integrated circuit (IC)
scaling has already hit some red brick walls due to

physics limits, processing complexity, and increasing fabrica-
tion cost. The transistor dimension is approaching atomic size.
The chip scaling and functionality increase result in intercon-
nect delay increase, limiting IC performance and increasing
power consumption. Three-dimensional (3D) integration and
packaging are currently seen as the leading candidates to extend
the benefits of Moore’s Law to future IC technology nodes.
3D integration technology vertically stacks and interconnects
multiple materials, technologies, and functional components to
form highly integrated micro-nano systems. This 3D integra-
tion is expected to lead to an industry paradigm shift due to its
tremendous benefits in performance, data bandwidth, function-
ality, heterogeneous integration, and power [1]. The key reason
is that 3D integration provides a massive number of short
interconnects between stacked IC strata. For instance, instead
of traveling across the entire 2D chip in a length of millimeters
or centimeters, a signal in a 3D chip can go up and down
through vertical interconnects in a length of a few micrometers
to 100 m, such as short bonding wires, small flip-chip solder
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TABLE I
THREE 3D STACKING APPROACHES

balls, bonded inter-strata vias (BISVs), and through-strata-vias
(TSVs). These short wires have much smaller propagation
delay and consume much less power with a reduced number
of repeaters. As an example, partitioning a planar IC chip into
a 3D chip of four strata would reduce the length of longest
wires by 50%, with corresponding improvements of up to
75% in propagation delay and 50% in power consumption [2].
Additionally, more compact ICs offer small footprint and high
device density in a cost efficient way; versatile functions can
be hyper-integrated in one platform with accompanying yield
improvement.

There are a number of ways proposed to realize 3D IC
stacking. Most of them can be categorized into three major
approaches as shown in Table I. Each approach has its own
advantages, concerns and potential applications. Selection
of the appropriate 3D option relies upon many factors such
as materials, die size, interconnection density, design/fabri-
cation constraints, and yield as well as business issues. The
die-to-die approach can use the same or different die sizes and
known-good-dies (KGDs), but it suffers from low throughput
because of a slow die pick-and-place process. Similarly, the
die-to-wafer approach can also integrate chips of different
die sizes and KGDs. Moreover, the die-to-wafer approach
can use wafer-level processes to improve the throughput.
However, electrostatic discharge (ESD) is an intrinsic problem
for both die-to-die and die-to-wafer technologies as the die
pick-and-place process is vulnerable to a voltage potential
difference between itself and the external environments. The
wafer-to-wafer approach can use a monolithic wafer-level
process, leading to high throughput, reliability, and poten-
tially high yield. The static discharge issue associated with
the die-to-die and die-to-wafer approaches can also be elim-
inated in the wafer-level approach by modern manufacturing
equipment. The potential challenges of wafer level integration
could be the yield loss in the lack of KGDs and inflexibility in
design/fabrication aspects, particularly in rare cases when the
die sizes of different functional chips cannot be made the same.

After significant advances are made in future design and fab-
rication tools for 3D integration, we believe that the wafer-to-
wafer approach will dominate. This is because 1) the die sizes
of the functional ICs can be repartitioned to be the same in most
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applications; 2) the yield issue (or KGD issue) can be answered,
for instance, by redundancy in memory, many-core processor,
and extra inter-strata interconnects, as well as error-correction-
code (ECC) design and repair techniques for memory, design-
for-testability (DFT) and built-in self-test (BIST); 3) with the
currently fast research and development pace and worldwide in-
vestments, a set of reliable, low-cost 3D wafer-level fabrication
solutions and fabrication tools are being developed.

However, at the present time, we expect 3D IC technology
development and applications to continue to advance in the
coming years in an evolutionary fashion, instead of revolu-
tionary fashion, to a 3D wafer-to-wafer approach, except for
some applications, such as 3D memory [3]. Thus, all three 3D
approaches are presently under intensive investigation. To inter-
connect stacked functional units, active layers (or strata) can be
connected using bonding wires, flip-chip solder balls, BISVs,
and TSVs. Currently, prevailing wire bonding technology is
only proper for low-power and low-frequency chips due to the
side effects of long wire, low density, large bond pad, and signal
distortion. To increase the interconnection speed, flip-chips are
used in combination with wire bonding, but the main disadvan-
tage is the big solder ball encroaching a lot of area. The BISVs
are the vias at the bonding interface with relatively small sizes
(e.g., in the order of micrometers for Cu-Cu bonds), thus they
have a smaller impact on performance, but they connect two
dies only at the bonding surface. It is believed that TSV is
probably the ultimate solution to 3D integration and packaging
for the following reasons: TSV length can be in a rage of 1–100

m, compared to bonding wires in an order of a millimeter;
TSV diameter can be in a range of submicron to 50 m. Hence,
a massive number of short interconnects through multiple
stacked IC strata can be implemented. These TSVs can have
very small parasitics compared to bonding wires and provide
high interconnection density and data bandwidth with high
signal/power integrity. More importantly, TSV can be used for
all three 3D approaches described in Table I, providing a path
for evolutionary 3D technology development from die-to-die,
to die-to-wafer, and to wafer-to-wafer 3D integration.

While TSV materials, processing, technologies [1], [4], and
thermal-mechanical properties [5], [6] are widely researched,
accurate electrical characterizations of such an advanced 3D
interconnect structure is required for future system-level de-
sign and for performance estimation. This is because the TSV
dimensions are not in the range of those for back-end-of-the-
line (BEOL) interconnect or packaging wiring, but in between;
therefore the TSV electrical performance needs to be studied.
This paper explores the impacts of TSV physical configurations
on electrical characteristics in the following three sections: 1)
TSV electrical characteristics in the time domain (Section II),
2) impacts of varying TSV shape parameters on frequency re-
sponses (Section III), and 3) modeling TSV electromagnetic
performance using broadband SPICE file format (Section IV).

II. TSV TIME DOMAIN ANALYSIS

Ansoft’s HFSS is employed here as an electromagnetic (EM)
field solver [7], which is based on the finite element method
(FEM) to differentially solve Maxwell’s equations for arbitrary

Fig. 1. Configuration of a simple face-to-back signal-ground TSV pair, (a) 3D
view, (b) side view of one TSV. This signal-ground pair structure serves as the
baseline for TSV performance simulation in this work.

structures; all parasitics and couplings under high speed opera-
tion are captured. The EM results are then imported into a circuit
simulator further to unveil the details of TSV transient charac-
teristics.

Considering the current 3D TSV technology and near future
3D applications, a circular copper (Cu) TSV of 10 m in diam-
eter and 30 m in height is selected for this work as the base-
line TSV structure in a two-stratum configuration, as shown in
Fig. 1. Cu is selected as the TSV conductive material based on
the present TSV technology and our previous work [8]. A thin
layer of 0.1 m SiO serves as the isolation layer between the
silicon (Si) substrate and TSV conductive material. This TSV
penetrates downwards three layers of 0.5- m interlayer dielec-
tric (ILD), 27.5- m thinned silicon substrate and 2- m benzo-
cyclobutene (BCB) bonding material to connect the top metal
of the bottom stratum. In Fig. 1, we use a pair of identical signal
and ground TSVs, where the ground TSV assists as the returning
current path.

A. Time Domain Reflectometry/Transmissionmetry

Time domain reflectometry (TDR) and transmissionmetry
(TDT) are often used in high-speed circuit testing. When a
short rise time pulse is excited into the conductive structure,
there are a reflection part at the input port and a transmission
part at the output if any discontinuity occurs along the signal
propagation path. As the discontinuity generates an abrupt
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Fig. 2. TDR/TDT results indicate very little variance of rise time. No abrupt
impedance change is observed along the TSV structure.

Fig. 3. � curve shows the timing behavior of TSV. A small impedance
drop suggests the presence of TSV capacitive characteristics.

change of characteristic impedance , TDR measures the
reflected waveform at the transceiver while TDT measures the
transmitted pulse at the receiver. The high level magnitude of
source pulse is set to 2 V and rise time is 35 ps; a
transmission line having a 0.5 ns delay is placed between a
50 reference impedance and the TSV structure; the far-end
is also terminated (50 ). TDR/TDT curves in Fig. 2 show a
uniform impedance within the TSV structure, the rise time of
TDT does not increase.

At 1 ns (twice the transmission line delay), the TDR wave-
form in Fig. 2 drops slightly, which is also reflected in the
curve in Fig. 3

(1)

With time, rises back to 50 , the impedance of the re-
ceiver terminal. This drop in the curve indicates the small
capacitive characteristics of TSV.

Fig. 4. The eye contour of 20 Gb/s for the signal-ground TSV pair. The color
represents the BER at times within the unit interval. The wide eye opening in-
dicates the good data quality preserved.

TABLE II
20 Gb/s EYE DIAGRAM PARAMETERS

B. Eye Diagram and Bathtub

The eye diagram is an oscilloscope display of a data signal,
produced by repetitively folding output signals over each other
at a fixed period. The name is from its shape, which looks like
a series of eyes between a pair of rails. When evaluating digital
signals in ideal electrical interconnects, the eye diagram should
be nearly square. However, at a data rate of multigigabits per
second, the bit period is shorter than the time of flight (ToF) and
echoes of previous pulses can impair the main pulse, leading to
the so-called inter-symbol interference (ISI). Clock jitter, am-
plitude loss, wasted power, and crosstalk can be visualized in
an eye diagram. We use a pseudo-random bit sequence (PRBS)
source voltage of 1 V; the 20 Gb/s eye contour plot for the given
TSV configuration (Fig. 1) is shown in Fig. 4 with relative pa-
rameters in Table II. The wide and high eye opening ensures
adequate time and voltage margins, resulting from a small ca-
pacitance and resistance of TSV. The high signal-to-noise ratio
and small eye peak-to-peak jitter effectively prevent data pattern
degradation and wrong sampling.

For the given TSV configuration, the 3D bathtub plot in Fig. 5
shows both the time transitions in the unit interval (UI) and the
voltage transitions in the amplitude during which bit error rates
(BERs) are expected at 20 Gb/s. A low BER with the given TSV
indicates again a good sampling margin.
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Fig. 5. The 3D bathtub at 20 Gb/s for the signal-ground TSV pair, indicating a
low bit error rate over most of unit interval and amplitude.

III. TSV FREQUENCY DOMAIN ANALYSIS

Electromagnetic simulations up to 20 GHz are performed
using Ansoft’s HFSS. Two ports are assigned at the two ends
of signal TSV, corresponding scattering parameters of the net-
work are extracted, especially , the return loss, and , the
insertion loss.

A. TSV Height Impact

TSV height should be mainly determined by the wafer thin-
ning process within specifications of substrate total thickness
variation (TTV) and mechanical strength. In Fig. 1, the top
stratum ILD of 0.5 m and bonding BCB layer of 2 m are
kept. Aspect ratio (AR) is expressed as

(2)

Given a radius of 5 m for a circular TSV, we tune the TSV
height to be 5 m, 10 m, 15 m, 30 m (baseline), 50 m,
150 m to 300 m, i.e., ARs are 0.5, 1, 1.5, 3, 5, 15, and 30,
respectively. Fig. 6 summarizes the results: both and
become poor when TSV height or AR increases. Apparently, a
deep TSV not only makes the following conformal filling pro-
cesses difficult, but also degrades frequency response. Since all
the parasitics (resistance, inductance, conductance and capaci-
tance, or R, L, G, C) scale up as interconnection length increases,
if a wafer is thinned down from 300 m to 5 m, reduces
by 38 dB and improves by 1.79 dB. Hence, the TSV per-
formance can be greatly enhanced if TSVs can be made much
shorter, which would encounter manufacturing constraints of
wafer thinning, polishing and handling.

B. TSV Radius Impact

Assuming the TSV pair has a 30 m height and 20 m
center-to-center pitch, i.e., the baseline circular TSV (Fig. 1),
we vary the TSV radius from 0.2 m, 0.5 m, 1 m, 3 m, to

Fig. 6. Impact of height on TSV electrical performance in the frequency do-
main; the same legend is used for both � and � . By keeping the radius
and center-to-center pitch unchanged, a short TSV definitely improves reflec-
tion noise and signal gain.

5 m (baseline). The TSV performance results are summarized
in Fig. 7, which indicated either too small (0.2 m) or too big
(5 m) is not a good choice for designing the TSV radius. As
shown in Fig. 7, there are some crossing points in the scattering
parameter curve family. A TSV with a large radius results
in a large capacitance but a small resistance, while a TSV
with a small radius results in a large resistance and a small
capacitance. Thus, there is an optimal TSV radius in terms of
electrical performance. For the TSV radiuses simulated, the
best signal gain, , can be obtained for a 0.2 m radius below
6 GHz, and for a radius of 0.5 m above 6 GHz. There could
be more cross-points of different TSV radiuses; for example,
the values cross at approximately 20 GHz for 0.5 m and
1 m radiuses, while several cross-points can be found for the

values. Compared with the radius baseline of 5 m, the
0.5 m case reduces the signal loss by 45% at 20 GHz. This
trend is in agreement with our preceding results by Agilent’s
Momentum [8]. It is concluded that the optimal value of TSV
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Fig. 7. Impact of radius on TSV electrical performance in the frequency do-
main; the same legend is used for both � and � . By keeping the height (30
�m) and center-to-center pitch (20 �m) unchanged, � of 0.2 �m radius case
performs well below 6 GHz and � in 0.5 �m radius is better above 6 GHz.
Since neither big nor small TSV is good because of the unbalance between TSV
series resistance/inductance and shunt capacitance/conductance, caution needs
to be taken when choosing the TSV radius, which also depends on the frequency
range of interest.

radius depends on the TSV configuration and frequency of
interest.

C. TSV Scaling Ratio Impact

For different applications and with the 3D integration tech-
nology development, various TSV sizes and TSV scaling are
needed. To evaluate the TSV scaling impact, we keep the AR
equal to 3 and simultaneously scale down the TSV radius,
height, and center-to-center pitch (4 radius). The scaling ratio
is varied from 0.1 , 0.2 , 0.5 , 1 (baseline), 2 to 5 .

The TSV performance results are summarized in Fig. 8, sug-
gesting this three dimensional scaling can significantly improve
both and of TSVs. Additionally, scaling saves the active
area, increases the TSV density, and enhances data bandwidth.
Note that the assumed difference between the previous section
and this section is that the center-to-center pitch of TSV pair is
fixed in the former, but changed here.

Fig. 8. Impact of scaling ratio on TSV electrical performance in the frequency
domain; the same legend is used for both � and � . TSV radius, height
and center-to-center pitch all change with scaling ratio in three dimensions, ex-
cepting for a constant AR of 3. The performance gain is obvious as TSV is scaled
down.

D. TSV Cross-Section Shape Impact

Besides the circular TSV, other TSV shapes of square, rect-
angular, tapered, and annular are proposed or used recently, as
shown in Fig. 9, because of the TSV processing technology con-
straints. To evaluate the shape impacts on TSV performance, we
keep the TSV cross sectional areas constant on the top plane,
and vary their physical dimensions as follows: 10 m for the
circular TSV diameter; 13 m length and 6 m width in two
rectangular TSVs; 8.86 m for the square TSV edge; a slope
angle of 85 for the tapered TSV; and plating ratio (i.e., the Cu
thickness over the TSV radius) of 0.3 for a partially Cu filled
one (i.e., annular TSV). The resulting scattering parameters are
summarized in Fig. 10. It is found that the rectangle TSVs are
not desired, while the tapered-shape TSV has the smallest re-
flection noise and signal loss. Part of the reason is that the ta-
pered one has a relatively low capacitance as confirmed from
Ansoft’s Q3D passive element extraction results due to the re-
duced TSV surface area; it is also verified by a shallower neg-
ative dip appearing in TDR simulation and curve of the
tapered TSV. Since of TSV is capacitance dominant as
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Fig. 9. Different Cu TSV physical configurations. For circular, rectangular, square, tapered, and annular structures, they all have the same stratum settings as that
shown in Fig. 1 side view.

indicated in Fig. 3, is small at high frequency and the re-
flection coefficient becomes negative, where

(3)

A small capacitance (large ) of tapered TSV provides a
small , resulting in a small negative reflected voltage can-
celing part of incident voltage and hence a small TDR peak
voltage undershoot. It is also verified that a tapered TSV has
a small reflection in as shown in Fig. 10. A capacitive dis-
continuity like TSV contributes to reflection and delay adder.

E. Tapered TSV Slope Angle Impact

As mentioned in the previous section, a tapered TSV offers
the best and . Hence, it is worth further studying the
impact of the tapered profile. To ensure the via opening at the
bottom plane, TSV slope angle can be tuned from 90 (vertical
sidewall) to 81 in the given structure

(4)

With coverage problems of the isolation layer, barrier/seed layer
and Cu plating, a reverse-tapered TSV is not desired when slope
angle is more than 90 . We keep the top area of the TSV fixed
and shrink the bottom part of the TSV to change the angle of
the tapered TSV. Fig. 11 shows that the TSV with the smallest
slope angle of 81 , which corresponds to almost zero area of
the bottom part of the tapered TSV, has superior performance;
as the slope angle increases, the TSV electrical characteristics
degrade. Compared with the vertical TSV sidewall (baseline),

for is enhanced by 22.3%. It is noted that this angle
can be varied by changing the TSV dimensions (i.e., height and
top cross section). The TSV profile should be carefully etched,
its sloped sidewall facilitates the subsequent deposition steps
and improves electrical performance, though it may cause an
8% larger shear stress as reported in [5] compared to that of a
circular TSV.

Fig. 10. Impact of shapes on TSV electrical performance in the frequency do-
main; the same legend is used for both � and � . The tapered via shows a
better response, and it eases the manufacturing process as well.

F. Annular TSV Cu Plating Ratio Impact

In modern CMOS fabrication technology, BEOL metalliza-
tion can take up more than 50% of the entire processing cost.
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Fig. 11. Impact of slope angle � on the tapered TSV electrical performance in
the frequency domain; the same legend is used for both � and � . The best
� is carefully selected as 81 here; The smaller the slope angle �, the better
� and � .

To increase equipment throughput and save cost, the TSV holes
may be partially filled, such as the annular TSVs. The copper
plating ratio is expressed as the Cu thickness over the TSV
radius

(5)

We assume is uniform along the TSV sidewall and bottom,
and the center hollow part of TSVs is filled with a type of
polymer to alleviate the stress and increase the
reliability. Other materials, such as poly-Si, dielectric and some
polymer materials can also be used to fill the hollow part of
the TSVs. The annular TSV performance with various plating
ratios is studied. As shown in Fig. 12, the impact of plating
ratio is not pronounced for a TSV radius of 5 m in the given

Fig. 12. Impact of Cu plating ratio on the annular TSV electrical performance
in the frequency domain; � curves with different ����� almost overlap, so
do � curves. The impact of plating ratio is not pronounced for a TSV radius
of 5 �m in the given Cu thickness range (i.e., 0.5–4.5 �m), thus fabrication cost
could be saved and throughput enhanced when plating a thin Cu layer.

Cu thickness range (i.e., 0.5–4.5 m); thus fabrication cost
could be saved and throughput enhanced when plating a thin
Cu layer. The reason is that the capacitance, which depends
on the TSV outside surface area, the SiO thickness and Si
doping, is almost the same no matter TSV is fully or partially
filled. On the other hand, the resistance value (and its impact
to the TSV performance) is small with the Cu thickness in the
range of 0.5–4.5 m. Since the TSV impedance is capacitive as
indicated in Fig. 3, the capacitance determines the TSV overall
performance for this annual structure. Hence, the Cu plating
ratio does not influence the performance, unless the Cu layer is
very thin. Nevertheless, other issues may need to be taken into
account for a very thin Cu layer, such as electromigration, skin
effect, current crowding, induced stress, joule heating, etc.

IV. TSV BROADBAND MODEL

TSV design is extremely critical to 3D integration; elec-
tronic design automation (EDA) needs to support TSV design
in maximizing 3D benefits. As EM solution is accurate but
time-consuming, a common SPICE format file of TSV struc-
tures is required to be integrated into system-level EDA tools.
We explored several approaches to importing the EM results
into system-level simulations. One of them is to directly use
the TSV SPICE netlist for 3D architecture simulations.

Fig. 13 shows one example of importing the
EM results into the system-level model for a
ground–ground–signal–signal–ground–ground TSV
array, where TSVs are implemented in a face-to-back type
(Fig. 1) with a pitch of 20 m. The four outer TSVs are
grounded and two center ones are signal TSVs. Instead of
using passive elements (RLGC) to build an equivalent circuit
explicitly as in the literature [8]–[10], the netlist consisting of
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Fig. 13. Topview of a ground-ground-signal-signal-ground-ground TSV net-
work. TSV Pitch is 20 �m and diameter is 10 �m. Results of TSV broadband
SPICE model and EM model in � � � � � , and � are in excellent agree-
ment over the entire frequency range.

voltage/current controlled sources is, for the first time to our
knowledge, reported here to model each port of the TSV.

We use a SPICE tool [11] to convert frequency domain net-
work parameters into equivalent circuit models for direct use
with commercially available simulators. The resulting netlist
can be easily input to a number of different simulations (e.g.,
transient, ac, harmonic balance, and envelop). The input EM
data for the SPICE tool is used to generate a rational expression,
which has the form of a series expansion in partial fractions

(6)

where is the residue, the Laplace variable, and the pole.
In total, there are poles, depending on the dynamics of the
input EM data. The root mean square fitting error is set as 0.005.
After a successful convergence, poles must be in the left half

plane in order to obtain a passive model. The netlist generated
by the tool in this way describes the passive model, equiva-
lent to the rational polynomial representation within the fitting
error, using controlled sources (i.e., CCVS, VCVS, CCCS, and
VCCS) at each port.

As shown in Fig. 13, the solutions of EM model and SPICE
model are perfectly matched in reflection noise, signal gain,
near-end crosstalk (NEXT) and far-end crosstalk (FEXT). The
corresponding TSV SPICE netlist provides an accurate broad-
band model of scattering parameters, and can be further input
to other commercially available simulators. This TSV SPICE
netlist greatly helps save the time and resources to characterize
arbitrary TSVs compared to using field solvers, facilitating and
expediting the design cycle of 3D systems.

V. CONCLUSION

This work investigates the electromagnetic characteristics of
TSVs, the most critical component in 3D integration. A full
wave solution using 3D EM solvers and analytic modeling using
circuit simulators are employed to study TSV performance in
the time domain and frequency domain: TDR/TDT simulation
shows little degradation in rise time when a signal propagates
along the TSV, and the curve suggests TSV capacitive
characteristics. A large eye opening indicates adequate time and
voltage margins, and a very low level of BER is observed in
bathtub curves. From the scattering parameters simulated in fre-
quency response, a short TSV is preferred, while TSV radius
should be optimized. Full TSV down-scaling can greatly im-
prove TSV electrical performance. A variety of TSV shapes are
compared: although all are acceptable, the tapered-shape TSV
is preferred in terms of both electrical performance and fabri-
cation. At least for a TSV radius of 5 m with Cu thickness
range of 0.5–4.5 m, the partially-filled TSV can electrically
perform the same as the fully filled one. Frequency domain net-
work parameters of TSV can be imported into equivalent circuit
models, where TSV EM characteristics are precisely captured.
This approach would bridge the gap between conventional cir-
cuit design tools and infant 3D circuit design tools.
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