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Abstract—Reducing interconnect delay and power consumption has be-
come a major concern in deep submicron designs. 3-D technologies have
been proposed as a promising solution to mitigate interconnect problems.
This paper examines the electrical characterization of vertical intertier con-
nections such as through silicon via (TSV) and microbumps considering
process variations and studies their timing impact on the circuit level. We
first provide parasitic RC characteristics of intertier connections including
TSV and microbumps and examine their delay. Then circuit simulation is
performed to evaluate the timing impact of intertier connections.

Index Terms—Microbumps, 3-D integration, through silicon via.

I. INTRODUCTION

With continued technology scaling, interconnect has emerged as
the dominant source of circuit delay and power consumption. The
reduction of interconnect delays and power consumption are of para-
mount importance for deep-submicron designs. 3-D ICs have recently
emerged as a promising means to mitigate these interconnect-related
problems [1], [2]. Several 3-D integration technologies have been
explored recently, including wire bonded, microbump, contactless
(capacitive or inductive), and through-silicon-via (TSV) vertical inter-
connects [1]. TSV 3-D integration has the potential to offer the greatest
vertical interconnect density and, therefore, is the most promising one
among all the vertical interconnect technologies. In 3-D ICs that are
based upon TSV technology, multiple active device layers are stacked
together (through wafer stacking or die stacking) with direct vertical
TSV interconnects [2]. There is also TSV and microbump combination
for the intertie connections. Microbump interconnects use solder or
gold bumps on the surface of dies to connect to bumps on adjacent
dies.

Even though 3-D manufacturing is feasible now, 3-D IC design will
not be commercially viable without the support of relevant 3-D de-
sign-automation tools, which are needed to allow IC designers to effi-
ciently exploit the benefits of 3-D technologies. In order to analyze the
timing of 3-D circuits, it is essential to examine the electrical character-
ization of intertier interconnect such as TSV and microbumps and its
timing impact on circuit level and architectural levels. In this paper, we
first provide parasitic RC characteristics of TSV and microbumps, and
examine their delay. Then circuit simulation is performed to examine
its impact on the circuit design.

II. RELATED PRIOR WORK

3-D technologies have attracted considerable attention in the past
few years. Research has been focused on 3-D fabrication, 3-D elec-
tronic design automation (EDA), and 3-D system architectures. Pre-
vious work on characterization of 3-D TSV include analytical models
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and experimental extraction of resistance and capacitance for bulk sil-
icon and Silicon on Insulator (SOI) [3]–[9]. In [6], TSVs in 3-D SOI
process are shown to be inductively limited. In bulk silicon, TSVs are
shown to be capacitance dominant [3], [4]. In [5], an analytical model
for TSV is proposed.

For the timing analysis, an analytical model is proposed for the im-
pact of process variation on the critical path delay distribution of 3-D
ICs [10], [11]. The model shows that a 3-D design is less likely to meet
a predefined frequency target compared to its 2-D counterpart under
the process variations. In [12], strategies for improving the parametric
yield and profits of 3-D ICs are presented.

Our paper differentiates itself with previous work by presenting de-
tailed circuit models for intertier connections including TSV as well
as microbumps. The circuit model is the basis for the delay charac-
terization considering process variations for intertier connections. The
voltage sensitivity of TSV capacitance is also examined. The resis-
tance, capacitance, and inductance are included in the model although
it is shown that the capacitance is dominant. In addition, circuit simu-
lations are also performed to examine its impact on the circuit design.

III. INTERTTIER CONNECTIONS IN 3-D

3-D ICs using TSVs can be built by stacking wafer-to-wafer
or die-to-wafer [13]. In wafer-to-wafer bonding, whole wafers are
processed and then stacked and bonded. In die-to-wafer, one wafer
is diced into individual dies. The individual die can then be placed
on an undiced wafer and bonded. Die-to-wafer allows the use of
known-good-die (KGD) when bonding the dies, leading to higher
yields. However, the cost of die-to-wafer production is higher because
of the need to align and bond individual dies.

The bonding between adjacent device tiers can be characterized
by the orientation of each tier. The different bonding orientations are
face-to-back (F2B), face-to-face (F2F) and back-to-back (B2B) [2].
In F2B, the vertical interconnect connects the face (interconnect) side
of one device tier, and the back (active) side of the other tier. In F2B
based TSVs, the TSV tunnels through the substrate layers of the back
side to connect that tier, blocking placement area of transistors and
devices. In face-to-face (F2F), the vertical interconnect is between
two face (interconnect) sides of the tiers. In this case, the intertier
connections would not have to tunnel through any active layers as both
interconnect sides are adjacent to each other. This allows placement
of transistors, as well as shortening the connection. In back-to-back
(B2B), both active sides of each tier are adjacent and the TSV tunnels
through both active sides, blocking the placement of transistors and
devices in both tiers. Although, F2F bonding eliminates placement
blockages and shortens the length of vertical intertier connections, a
F2B or B2B bonding is needed after the F2F bonding if more than 2
tiers are used in the design.

In this work, F2B bonding is assumed, e.g., TSVs tunnel through the
substrate layers. Microbumps are also used for the intertier connection
besides TSV. Fig. 1 shows the intertier connections in a F2B 3-D chip.
Two tiers are connected with TSVs and microbumps. C4 bumps are
used for the package. For each TSV, there is one microbump connecting
back-side metal (BM1) of tier1 and metal 3 of tier 2. Between TSV and
substrate of tier 1, there is a liner layer made by ����. Note that TSV
is in cylinder shape. TSV and microbumps are made of copper in our
model.

IV. ELECTRICAL CHARACTERISTICS OF

INTERTIER CONNECTIONS

In this section, we study the electrical characterization of intertier
connections including TSV and microbumps. Fig. 2 shows the structure

1063-8210/$26.00 © 2010 IEEE



This article has been accepted for inclusion in a future issue of this journal. Content is final as presented, with the exception of pagination.

2 IEEE TRANSACTIONS ON VERY LARGE SCALE INTEGRATION (VLSI) SYSTEMS

Fig. 1. Intertier connections in a F2B 3-D chip.

Fig. 2. Structural view of intertier connections in a F2B 3-D chip (M1_N and
M3_N mean neighboring M1 and M3).

and parasitics components of TSV and microbumps in a F2B 3-D chip.
Assume there are 2 tiers in the design. Several capacitance parasitics are
needed to be considered for the electrical characterization. It includes
the capacitance between TSV and substrate of tier 1, between back-
side metal (BM1) and substrate of tier 1/2, between microbump and
substrate of tier 1/2, between TSV and metal 1 of tier 1, between mi-
crobump and metal 3 of tier 2, coupling between two microbumps. The
coupling capacitance between two TSVs are ignored due to the shield
effect of substrate. The size parameters include the height and diameter
of TSV and microbump, the height and diameter of back-side metal, the
thickness of liner, the distance between different components.

Fig. 3 gives the circuit model of intertier connections without induc-
tance. RC for TSV is represented by �� and ��. RC for microbump is
represented by���,���� and����.���� and���� are the capacitance
between microbump and substrate of tier 1 and tier 2, respectively. RC
for the substrate of tier 1 and tier 2 are represented by����� and�����,
and����� and�����. In the following sections, we describe how to ob-
tain the values of each resistance, capacitance and inductance.

Fig. 3. Circuit model of intertier connections without inductance.

A. RC of TSV

We assume there is 10% variation for the diameter of TSV and liner
thickness based upon the process tolerance from our foundry partner.
The resistance of TSV is calculated using the equation: � � �����,
in which � is the length of TSV and � is the cross section area of
TSV cylinder. Fig. 4 shows that the capacitance between TSV and sub-
strate is assembled to gate capacitance of a MOS transistor. The reason
is that the structure is similar to metal-oxide-semiconductor, in which
TSV is considered as metal layer, the liner is the oxide layer, and the
substrate is semiconductor layer. The capacitance changes according to
the voltage added on TSV �� depending upon the voltage value and the
flat band voltage ��� and threshold voltage ��� (Note that the values
of ��� and ��� are different with standard MOS transistors). The equa-
tions are from [14]
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where �	
 is the oxide capacitance per unit area, �	
 is the oxide per-
mittivity, 		
 is the thickness of the liner, 
� is the voltage differ-
ence between Fermi level and intrinsic level, �� is the thermal voltage,
��� is the impurity density, � is the intrinsic carrier density, ��

is work-function difference between metal and silicon, �� is the en-
ergy gap of silicon, � is electronic charge, � is the equivalent oxide
charge density per unit area. In modern VLSI technologies, ���	
 is
small enough to be ignored. The threshold voltage ��� is calculated as
��� � ��� � 
� � �� � �� � � � ��� � 
��

�����	
, where �� is silicon
permittivity and 
� is surface potential. The capacitance depends upon
the flat band voltage ��� and threshold voltage ���. There are three
regions defined as in [14]: accumulation region, depletion region, and
inversion region. Under different regions, we can calculate the unit ca-
pacitance � . Then the total capacitance is � ��, where � is the lateral
area of TSV cylinder. When it is in accumulation region ��� � ����,
the unit capacitance is calculated as � � �	
. When it is in deple-
tion region ���� � �� � ����, the unit capacitance is calculated as
� � �	
 � �������	
 � �����, where ���� is the unit capacitance
of depletion portion. When it is in inversion region ��� � ����, we
consider the frequency is high as long as it is larger than 100 Hz so that
� � �	
 � �������	
 � �����.

Considering the variations of the diameter of TSV and the liner
thickness, the nominal, best, and worst cases of RC are listed in Table I.
Fig. 5 plots TSV capacitance under different voltages at nominal TSV
parameters. Since the flat band voltage and threshold voltage are
negative (flat band voltage is �	�
 ���� and the threshold voltage is
���� ����), the capacitance is constant in the normal voltage range.

B. RC of Microbump and Backside Metal

The resistance of microbump and backside metal is calculated using
the same equation as TSV. To obtain the capacitance of microbump
and other capacitances shown in Fig. 4, Synopsys TCAD Raphael
tool is used [15]. Raphael is a collection of 2-D and 3-D field solvers
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Fig. 4. Capacitance between TSV and substrate of tier 1.

Fig. 5. TSV capacitance under different voltages.

TABLE I
TSV RESISTANCE AND CAPACITANCE FOR BEST, NOMINAL AND WORST CASES

TABLE II
MICROBUMP CAPACITANCE AND OTHER CAPACITANCES (UNIT FF)

and interfaces for interconnect analysis and modeling. The input
file statements consist of comments and commands like PARAM,
BLOCK, CYLINDER, POLY3-D, WINDOW3-D, POTENTIAL and
CAPACITANCE. The overlap rule is that the geometry defined later in
the input overwrites the geometry previously defined in the input file.
Table II lists the capacitances of microbump and backside metal, and
other capacitances. ���� includes the capacitance between microbump
and substrate of tier1 plus the capacitance between BM1 and substrate
of tier1. ���� includes the capacitance between microbump and
substrate of tier2 plus the capacitance between BM1 and substrate of
tier2. ��� includes the coupling between neighboring microbumps
plus coupling between neighboring backside metals. ���� is the capac-
itance between microbump and M3 in substrate of tier2. The results
indicate that the capacitance between microbump/BM1 and substrate
of tier1 is dominant. The coupling capacitances can be ignored due to
its small value. Table III shows the microbump and BM1 capacitance
under different diameters of microbumps caused by process variations.
The nominal value of the diameter of microbump is �� ��, with 10%
variation.

In addition to resistance and capacitance values, inductance is also
studied. Fig. 6 gives the circuit model of intertier connections with in-
ductance. The inductance calculation of intertier connections is based
upon the equation [16]

TABLE III
MICROBUMP CAPACITANCE UNDER PROCESS VARIATIONS (UNIT: FF)

Fig. 6. Circuit model of intertier connections with inductance.

Fig. 7. Circuit for TSV and microbumps with driver and load.
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where � is the length, � is the width and � is the thickness of the metal.

C. Delay of TSV and Microbump

In previous sections, the RC values for TSV and microbumps are
presented. In this section, we examine the delay caused by TSV and
microbump with different drivers and loads. Fig. 7 shows the circuit for
TSV and microbumps under driver and load, and electrostatic discharge
(ESD) capacitance (if intertier connection is driving I/O then ESD cir-
cuits may be added). In the Hspice simulation, the ESD capacitance is
changed from 0 to 900 fF. The RC values of TSV and microbumps has
nominal, best, and worst cases. Fig. 8 plots the delay of intertier con-
nection under different ESD capacitances. The driver buffer and load
buffer are selected from 45 nm technology library depending upon the
capacitance of ESD. The results show that the delay range for intertier
connection is from 119 ps to 337 ps considering the process variations
and different drivers and loads. We notice that the delay does not follow
the trend when the capacitance changes from 500 fF to 900 fF. The
reason is that the drivers and loads are selected from the library instead
of linearly changing the size. We also conduct simulation on sweeping
the resistance, capacitance, and inductance. The result shows that the
capacitance is the dominant factor. Varying resistance and inductance
has not much impact on the delay, which is in consistency with pre-
vious work [4].

D. Intertier Connections for Power Delivery Network

Previous sections focus on intertier connection for signals, which has
one TSV and one microbump. For power delivery network (PDN), we
assume two TSVs are connected to one microbump for the reliability
reason. The capacitance of TSV is the same as signal connection but
the capacitance of microbump/BM1 and substrate of tier 1 is changed.
Using Raphael simulation, we obtain the capacitance values for PDN,
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Fig. 9. Delay variations for 21-stage ring oscillator without and with intertier connections(nominal/best/worst cases).

Fig. 8. Delay of intertier connection under different ESD capacitance.

TABLE IV
MICROBUMP CAPACITANCE FOR PDN (UNIT: FF)

which are listed in Table IV. For power delivery network, the voltage
drop is a very important issue, which is considered as future work.

V. TIMING ANALYSIS

In this section, timing analysis is performed at circuit level. The pur-
pose is to study the delay variation for 3-D circuits and examine in-
tertier delay impact on the system frequency.

For the circuit level simulation, we choose three ring oscillators (RO)
with different stages: 21 stages, 41 stages, and 61 stages. Each inverter
in the oscillator drives four identical inverters (FO4). Intertier connec-
tion Hspice netlist is inserted in the middle of the ring oscillator for the
3-D simulation, i.e., half of the inverters are in tier 1 and the other half
are in tier 2. The simulation is performed using 45 nm technology with
500 Monte Carlo runs.

Fig. 9 illustrates the delay variations for 21-stage ring oscillator
without and with intertier connections (nominal/best/worst cases).
Figs. 10 and 11 illustrate the delay variations for 41-stage and 61-stage
ring oscillator, respectively. In these figures, the result without intertier
connection (2-D, no TSV plot) shows the delay distribution of Monte
Carlo simulation using our existing library with global and local vari-
ations for the devices. There are other three cases with TSV insertion
(best, typical, and worst cases for TSV Hspice model). The best case
has minimum RC values in the model. The nominal/worst cases have

nominal/maximum RC. With TSV insertion, the delay distributions
are also caused by devices variations (the RC of TSV in each case is
fixed). The purpose is to examine the impact of different TSV corners
on the circuit delay with device variations, i.e., the interaction of TSV
corners with circuit variations. There are several observations from
the plots.

1) The mean, sigma, and the ratio between sigma and mean
(shown in the plots) increase when intertier netlist is inserted,
indicating variation in 3-D is larger. The reason is that when
the intertier connection is inserted in the circuit, it has impact
on the delay of the circuit by adding a large load to the previous
stage. The delay of intertier connection and the delay of the de-
vice are highly correlated. When the device is faster under the
variation, it indicates larger drive capability so that the delay
of intertier connection is smaller. When the device is slower,
lower drive capability makes the delay of intertier connection
larger. That’s why the sigma and sigma/mean increase.

2) Although we observe the impact of TSV worst case model is
slightly larger than that of TSV nominal/best cases, the varia-
tion differences are not significant. The delay increases are 113
ps, 143 ps, and 149 ps for 21-stage, 41-stage, and 61-stage ring
oscillator, which are in the similar range with the result from
Section IV.

In summary, the delay of intertier connections could still be a
problem for short paths and has impact on the system frequency if
the path is critical. The variation of 3-D circuits seem to be larger
according to the simulation results. In order to mitigate the impact two
techniques may be used: 1) design optimization such as insert buffers
to reduce the increased delay due to intertier connections and 2) insert
registers in the path across different tiers.

VI. CONCLUSION

In this paper, we studied the electrical characterization of intertier
connections including TSV and microbumps considering process vari-
ations. We first provide parasitic RC characteristics of intertier connec-
tions. Then timing analysis of 3-D in the circuit level is performed to
evaluate the timing impact of intertier connections. We expect that this
analysis can be provided for better 3-D designs.
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