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Abstract - Due to high integration density the influence of
manufacturing technologies on the system behavior has to be
considered in the design process of 3D systems. Therefore,
information from different physical domains has to be
provided to designers. The variety of structures and physical
effects requires efficient modeling approaches and simulation
algorithms. In the following a modular approach which covers
detailed analysis with PDE solvers and more abstract
behavioral modeling is described.

1. INTRODUCTION

Currently, 3D integration is still characterized by stacking
of similar dies (e.g. memories or cpus) which are mostly
connected to each other at their outer boundaries using bond
wires. Nevertheless, first steps are done towards the
combination of different functional units (sensor, micro
controller, radio ...) which are usually not designed for 3D
integration. These dies are fitted to current packaging
technologies, like e.g. TQFP, concerning mounting, location
and size of pads etc [1]. Interposers containing rewiring and
interchip vias (ICV) are often used to provide the electrical
and mechanical connection of these units [2].

But, real 3D systems will offer a huge potential for
improved system architectures and completely new
applications. Shorter signal paths in 3D systems will enable
e.g. reduced power consumption or very efficient signal
processing for sensor array structures or parallel computing.
But, due to dense integration of the 3D system a lot of
physical interactions within the 3D systems exist. These
new challenges will be discussed in the next chapter.

II. CHALLENGES FOR 3D DESIGN OF MEMS-BASED
SYSTEMS

3D Integration technologies offer a wide range of
capabilities for new functional concepts and form factors,
but also opportunities for improved thermal management or
electromagnetic shielding. Basic advantages of 3D systems
are the possibilities for

— Mixing different technologies,

— Dense integration of different functionality,

— Lower power consumption due to shorter
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Fig. 1: Tire pressure monitoring system (TPMS) combining different
technologies for 3D integration (image courtesy of SINTEF, Norway)

interconnects, e.g. for busses, and

— The opportunity for a spatial integration of highly
parallel structures, e.g. sensor elements plus signal
processing plus memory.

Exemplarily, in Fig. 1 an innovative 3D integrated sensor
system is shown. By integration of pressure sensor,
transceiver, microcontroller and Bulk Acoustic Resonator
(BAR) a tire pressure monitoring system was formed [3].

Currently, a lot of effort is put into the further
development of technologies aiming at the improvement of
interchip silicon via parameters such as height, diameter or
pitch. The same holds for mounting technologies based on
micro balls, stud bumps, SLID etc. Usually, these research
activities are focused on process optimization to achieve
high quality and high reliability for the particular step.
Therefore, via and mounting technologies can — together
with dies — be regarded as basic building blocks for the
complex stacked systems. Because there are a lot of
possibilities for combining these elements, application of
3D integration technologies is associated with a couple of
issues and new challenges for design support.

Especially the influence of integration technology on
system function has to be considered preferably early in the
design process. Different materials and manufacturing
technologies cause different properties of layers, functional
layers are located closely on top of each other, and there are
a lot of degrees of freedom for the system architecture [4].

Due to the dense interconnections between the stacked
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layers parasitic effects play a more and more important role.
For power networks in the stack the DC characteristics of
e.g. interconnect structures have to be known. The RF
behavior of these structures is e.g. characterized by skin and
proximity effect. This is due to their decreasing geometrical
dimensions and increasing operating frequencies which may
influence the electrical function of the entire 3D system [5].
Signal integrity, cross talk and interconnect delays have also
to be considered. Furthermore, the small dimensions lead to
very high current densities resulting in electromigration
which may result in reliability issues.

The very close location of functional blocks is able to
induce thermal effects related to function and lifetime. The
power losses of the different blocks result in hot spots if the
thermal management was taken into account insufficiently.
Furthermore, temperature of semiconductor devices can
reach such a high level which leads to accelerated aging or
damage of these devices. Also, heating of the stack as well
as different processing temperatures may cause additional
mechanical stress in the system [6], [7]. The latter is one
crucial point for a mass production, because the thermo-
mechanical behavior of the stack strongly influences the
reliability. Furthermore, for 3D integration of sensor
elements like pressure sensors or vibrating micro
mechanical structures intrinsic stress may result in a
significant change of the behavior of the sensor, e.g. shift of
eigenfrequencies or modified conductivity in piezoresistors.

Another aspect which has to be taken into consideration is
that electrical interconnects which are crossing dies may
increase the risk of substrate coupling to active regions
within the die. In addition special processing steps will end
up in altered device characteristics e.g. after thinning of
wafers, especially for ultra thin silicon. In general these
different domains are coupled and usually cannot be
considered independently within the design process. To
build up a 3D system different layouts and different
technologies of all the layers forming the system have to be
combined. Even the design tools and design flows used for
the functional layers might be very heterogeneous.
Therefore, the interoperability of design tools and flows is a
key issue for 3D design. To enable the electrical function of
a system place and route in 3D have to be performed
incorporating information regarding the chosen stack
structure and interconnect technology [8].

As mentioned before, the RF behavior of the
interconnection structures has to be taken into account
during these steps. Additionally, the placing of the
functional blocks has to respect their thermal power loss to
reduce or avoid hot spots [9]. Furthermore, there are
additional pad and shape constraints due to 3D interconnect
technologies which have to be considered. Usually, layout
tools do not support 3D integration, e.g. concerning the
placement of pads, flexible definition of metallization layers
and constraints from other layouts.

III. FUTURE REQUIREMENTS FOR 3D DESIGN

To proceed towards real 3D design it is necessary to have
information about the influence of the integration
technology on the system behavior. Therefore,
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investigations by measurements of test structures and by
multi-physics simulations are needed to achieve this
information which has to be provided as equivalent network
models or behavioral models as well as design constraints
or guidelines.

For an efficient design of 3D systems there are some open
issues, e.g.:

— Flexible approaches for modular multi-level

modeling of 3D systems and their components,

— Powerful methods for coupled multi-physics
simulations,

— Efficient approaches for mechanical, thermal and
electrical characterization of 3D integration
technologies,

— Knowledge databases for material properties and their
change within processing,

— Advanced parasitics extraction for entire stacks.

Currently, for 3D integration there is no established flow
to consider the influence of packaging and integration
technology on system behavior and reliability. For modeling
and simulation there are several methods and tools available
that are also used in PCB or package design and can be
adapted in principle for 3D integration. But, the specific
issues of highly integrated 3D systems as well the structural
diversity has to be taken into account.

The main tasks within 3D design, which have to be
supported by appropriate design methods and tools, are:

— System and architectural design, for example
partitioning of system function and assignment to
layers, design of data communication structures (e.g.
busses) tailored on stacked layers.

— Design of functional blocks, especially considering
the influence of the neighboring layers.

— System verification, for example simulation studies,
which allow the analysis of interactions between
several layers.

— Reliability assessment.

On long term a broadly accepted generic hierarchical
modeling approach for multi-physics problems in 3D
systems is necessary to cover different abstraction levels
ranging from technology development, via analysis of local
interconnect structures to analysis of entire stacks. To
derive the RF, thermal, and thermo-mechanical behavior of
the variety of structures efficient modeling approaches and
simulation algorithms are necessary as key methods [10].

IV. MODULAR MODELING APPROACH

The main idea is to create a principle hierarchical
modeling approach for multi-physics problems in 3D
systems to carry out an abstraction beginning with the
technology development, via the analysis of separate
interconnect structures, and to the point of the entire stacked
system [11].

Two examples will illustrate this hierarchical approach.
The first one is an electromagnetic analysis of interchip vias
in the RF domain and the second one covers the
investigation of the thermal behavior of a complex tire
pressure monitoring system (see Fig. 1). In the second
example a modular modeling approach is used.
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The first step in the modular approach is to generate
parametric models of basic structures on basis of a tool-
independent structural representation, which can be
modified concerning geometrical and material properties as
well as the represented physical effect (e.g. thermal,
electrical, and mechanical). These parametric models, so-
called basic modules which are provided for the Finite
Element domain as well as for behavioral modeling, can be
stored in a library and can be used to build up a model of
the complex stacked system. The described flow and the
assembly of complex models from basic modules are
supported by unified interfaces.

The modular approach allows on one hand detailed
analysis of the behavior of single basic modules, e.g.
computing thermal conductivities and capacities as function
of geometry or technology parameters, and on the other
hand, investigation of the complex 3D structures.

Complementary, network and behavioral models for
electrical and thermal simulations are provided for these
basic structures as SPICE models or using modeling
languages like VHDL-AMS and Verilog-AMS. The process
of model generation for system level simulation is
supported by various methods: parameter optimization,
model order reduction, and approximation. These
parametric electromagnetic and thermal behavioral models
can be combined with the electrical model of the entire
system to enable the complete system simulation
considering different physical effects.

V. APPLICATION ASPECTS

A. Analysis of RF behavior of Interchip Vias

For the investigation of the electromagnetic behavior of
interchip vias the DC as well as the RF domain including
wave propagation as well as skin and proximity effect have
to be considered. Fig. 2 left shows the RF simulation model
for an interconnect structure formed by three ICVs and two
pads used in the tire pressure monitoring system depicted in
Fig. 1 to connect the top and bottom layers of the
transceiver electrically. Result of the simulation with the
full wave simulator CST Microwave Studio (MWS) are
scattering parameters (S-parameters) describing the
electrical behavior of the structure. In Fig. 2 right the
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Fig. 3: Passive equivalent network model for ICVs

transmission S,; and the reflection S;; are shown up to a
frequency of 20 GHz.

The obtained S-parameters are the basis for matching and
optimizing equivalent network models of the investigated
structures. Afterwards, these models can be included into
the design flow and used in an electrical simulation of the
entire system regarding parasitic effects like skin and
proximity effect. It is necessary to differentiate between
equivalent network models with passive and active
elements. Passive equivalent network models have the
advantage to correlate to the physical behavior of the
structure und the circuit elements can be identified directly.
However, active equivalent network models emulate the
behavior on a mathematical but mostly more accurate way.
Table I summarizes advantages and disadvantages of three
different methods to generate these equivalent network
models which will be described in the following on a more
detailed way.
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Fig. 2. left: CST Microwave Studio 3D simulation model of the ICV; right: transmission and reflection of the ICV from 0.1 to 20 GHz
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TABLE |
METHODS TO DERIVE EQUIVALENT NETWORK MODELS
Method / Tool Advantages Disadvantages
Optimization [4] | - passive network - long optimization

models

runs

CST MWS [12]

- fast and accurate
approach

- network model with
controlled sources

- single tool solution
including simulation
and model extraction

- no structural passivity

- no external input of
Touchstone-files

IdEM [13] - network model with

controlled sources

- fast and accurate
approach

- no structural passivity

Passive equivalent network models

Initial point of the derivation and optimization of passive
equivalent network models are the full wave simulation
results in a desired frequency range which exactly describe
the electrical behavior in the RF domain. Afterwards, from
these results an generic equivalent network models can be
parameterized. These generic RGLC networks are usually
derived considering structural details of the given structure
(Fig. 3). Depending on the complexity of the geometry of
this structure more or less complex RGLC networks have to
be chosen to be able to match the given behavior as well as
necessary. These networks contain degrees of freedom in
the form of freely adjustable parameters. For a set of
parameters a simulation run is performed calculating the
actual behavior of the parameterized model. Afterwards the
deviation of the current simulation results from the
specification, in our case the S-parameters computed with
CST, will be derived. A new set of parameters for the
network model will be calculated by optimization
algorithms and new simulations will be performed until the
deviation from the specification reaches a considerable low
value. The entire flow of the optimization is realized within
our in-house tool MOSCITO Simon. Finally, we get a
parameterized RLC network with preferably equal electrical
behavior with respect to the given interconnect structure.

S-Parameter Magnitude
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Active equivalent network models

A requirement for network modeling is often that models
should be passive, i.e. contain preferably only passive
elements. But, also two different tools generating active
equivalent network models were examined in more detail.

First, the Model Order Reduction (MOR) embedded in
the tool CST MWS is described. The MOR network
parameter extraction is based on calculated S-parameters
calculated in previous solver runs of CST MWS. These
results are used to determine a significant subset of system
poles allowing reproducing the S-parameters with a SPICE
compatible network. This network consists of resistors,
capacitors, inductances and also active elements (controlled
sources). Since, the equivalent network models do not
assume any particular topology a SPICE model can be
extracted for arbitrary structures. The network parameters,
however, do not have any physical meaning.

The second tool to generate active equivalent network
model is IdEM from IdemWorks. For the characterization
of the structure measured or simulated S-parameters will be
used. In our case simulated S-parameters from CST MWS
were imported as Touchstone files. Several checks for
causality and passivity which are important for equivalent
network models are available in this tool. Afterwards
SPICE netlists in different output-formats (e.g. SPICE,
PSpice and HSpice) are generated automatically. The main
macro modeling tools available in IdEM are based on
suitable formulations of the Vector Fitting algorithm [13].

The comparison of the transmission behavior S,
computed with CST Microwave Studio, the derived passive
(RLC) and the both active equivalent network models are
depicted in Fig. 4. As shown in this figure the RLC network
reproduces the RF behavior of the ICV structure very well
up to a frequency of 5 GHz and quite well up to the highest
investigated frequency. To match the electrical RF behavior
with a higher accuracy it is necessary to increase the
number of network elements. However, this will also
increase the number of optimization runs and the simulation
time. The both “active methods” match the given electrical
behavior very well but have the disadvantage of not
containing a particular topology or physical meaning.

S-Parameter Magnitude
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Fig. 4: Comparison of the S-parameter distributions using different methods to generate equivalent networks; left: entire frequency range; right: zoomed
frequency range from 5 to 20 GHz for a more detailed view

©EDA Publishing/DTIP 2009

ISBN: 978-2-35500-009-6



(2]
[=]
E &
of MEMS A MOEMS [_3 4pril, Rome, Italy

B.  Thermal Behavior of Tire Pressure Monitoring System

Another application of the approach is shown for thermal
analysis of a tire pressure monitoring system used in the
automotive sector (see Fig. 1). The aim of the work was to
investigate hot spots and the temperature distribution in the
entire 3D system as function of boundary conditions (e.g.
temperature of rim and air within the tire) and periodic
activity of electronics for several operation modes.

Using our modular modeling approach the thermal finite
element model of the entire and complex TPMS was set up
very comfortable in ANSYS. Every basic module is fully
parameterizable enabling an easy change of geometrical and
material parameters. Fig. 5 depicts a selection of the variety
of necessary basic modules to be able to build up the whole
sensor system. We need modules of interconnection
structures like au stud bumps and micro flip-chips, modules
of every single component of the sensor system and finally
of the package. Assembling all these basic modules we get
the geometry model shown in Fig. 6 with more than 100
parts. For better view and comparison with the sketch
depicted in Fig. 1 the package and other modules are not
shown.

Due to the high temperature range from -40 up to 125°C
in which the sensor system has to operate we had to use
temperature dependent thermal material parameters instead
of constant ones. Comparative simulations reveal
differences in the temperature distributions between
dependent and constant material parameters which are not
negligible.

One result of the thermal simulations requested by the
designers is the temperature distribution in the entire system
for an extreme combination of boundary conditions: tire at
0°C, air in tire 125°C. This means a previously hot tire is
rolling over ice. Fig. 7 left shows the static end temperatures
in the cross section of the 3D system.

Due to the measurement principle of the sensor system
based on pressure induced mechanical stresses in the sensor
membrane it is very important to take temperature profiles
on the membrane and resulting thermo-mechanical stresses
into account. Fig. 7 right depicts the temperature
distribution on the sensor membrane under the conditions

Fig. 6: Assembled geometry model of the TPMS

mentioned before. Because the environment temperatures
are very different the membrane temperatures are also more
varying over the area than under normal working
conditions. The plot shows that there are no great
differences in the membrane temperatures resulting in
nearly the same additional thermo-mechanical stresses in
the sensing elements on the membrane.

Finally, the temperature difference between Bulk
Acoustic Resonator device (BAR) and locations on
Transceiver-Asic (TX) respectively microcontroller as a
function of time are of great importance for the designers
(see Fig. 1). The temperature of the BAR device has a
considerable influence on its frequency. But there is no
possibility to measure this temperature directly on the BAR.
Therefore, the temperature measurement is located on the
TX-Asic or the microcontroller respectively. These results
are depending from each other systematically.

There are about eight regions with remarkable power loss
located on these three devices which are active in a periodic
cycle during measurement. The resulting temperature
difference is shown in Fig. 8 over the time period of one
measurement cycle. At a time of about 4.5ms the
temperature will be measured on the TX-Asic or the
microcontroller and between 6.2 and 7.8ms the BAR device
has to work at a correct frequency. Based on simulation the
maximum difference between BAR and the two temperature
sensor locations is 0.27K. This dynamic offset has to be
taken into account by the designer.

Fig. 5. Parameterizable basic modules used in thermal simulation of pressure sensor system (not to scale) — left: interconnection structures (au stud bump and
micro flip-chip, SEM images courtesy of SINTEF, Norway); right: two pressure sensor layers and package (cross section)

©EDA Publishing/DTIP 2009

ISBN: 978-2-35500-009-6



(2]
[=]
E &
of MEMS A MOEMS [_3 4pril, Rome, Italy

AN
NODAL SOLUTTON FEB 17 2009
STEP=1 17:35:42

0 20.934 41.869 62.803 83.737
10.467 31.402 52.336 73.27 95.7

TPMS

AN

FEB 17 2009
STEP=1 17:26:20
SUB =1

TIME=1

TEMP (AVG)
REYS=0

SMN =32.763
SMX =32.875

NODAL SOLUTICN

I Ll .
32.78 32.802 32.824 32,848 32.867
32.791 32.813 32.835 32.857 32.88

TPMS

Fig. 7: Temperature distribution for the case hot tire on ice — left: of the entire TPMS (sliced view); right: on sensor membrane

VI. CONCLUSIONS

Design support for 3D systems is a key issue for future
applications. Therefore, multi-physics simulation, system
level modeling and the adaptation of design flows for
including technology relevant information are important
tasks. Depending on the design task, models on different
levels of abstraction have to be provided. For analog and
mixed signal systems these are usually SPICE net lists or
behavioral models implemented in VHDL-AMS or Verilog-
AMS. The system level model generation has to be
supported by powerful modeling methods. Several methods
were compared within the paper.

For thermal management usually the entire system is
modeled to localize hot spots, to adjust either the stack
layout or insert thermal interconnects to decrease critical
temperatures or to determine the margins for additional
thermal induced stress, which is very important e.g. for a
real 3D integration of sensor elements. Such thermal
analyses were carried out for a complex 3D system. Beside
the actual simulation results, the generated FEM model can
also be used for thermal behavioral model generation. This
model of the entire stack can be combined with circuit
models to investigate the electro-thermal behavior of the
whole system.

differences [K]
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0.10 [ \
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Fig. 8: Temperature difference between BAR and TX-Asic respective
microcontroller (MC) during measurement cycle
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