3D-INTEGRATION: CHALLENGES AND PROPOSALS
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ABSTRACT:

The first integrated circuits contained only a few transistors. Today, with the
progressive miniaturization, complete systems can be realized on a chip. These
are called system-on-chip. One example is the modern micro-controller which is
the heart of many applications. They combine a processor, a memory and an
analog-digital and a digital-analog converter that allows the evaluation of sensor
data or the control of processes. Still, the integration of analog and digital circuits
in a common semiconductor process is a major challenge in the design. While
transistor sizes of digital circuits become smaller it is difficult to scale analog
circuits since the transistor sizing depends on the driven currents. The integration
of different sub-systems, therefore, often requires compromises in performance,
power consumption, and design and manufacturing costs. Modern integration
methods that combine several different IC in one package bridge this gap.

1 MORE THAN MOORE AND 3D INTEGRATION

It is not a new idea to arrange several dies within one package. It was already in the 1970s
that single 1Cs were integrated into a common package, the multi-chip module (MCM). The
combination of the chips in the module provides little functional benefits, but it simplifies the
manufacturing of printed circuit boards.

If additional passive components are integrated like sensors or special interface circuits, it
is called system-in-package (SiP) [TumO06]. The substrates used for the internal connection
are usually thin laminates that have two to four metal layers for signal distribution. The IC
can be adhered and bonded to the substrate or soldered by using the flip-chip technology.
With suitable adhesive and bonding techniques a few IC can also be stacked. In addition to
the IC, passive components in SMD form can be mounted at SiP substrate. These include
blocking capacitors or oscillators that are difficult to monolithically integrate with the IC, but

are available as standard devices at low cost.
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Figure 1: Structure of a system-in-package

The development of through silicon vias (TSV), was the next step to increase the
integration possibilities. To allow stacking, the contact surfaces must be brought through the



silicon layer to the underside of the IC. For this purpose holes are etched into the silicon,
which are filled with conductive copper or tungsten. The preparation of TSV can be done
before (via first), between (via middle) and after (via last) the conventional process steps. In
the case of via last the individual IC can be manufactured by any semiconductor
manufacturer.

The processing of the TSV is typically done by using the so-called Bosch-process (deep
reactive ion etching) which consists of repeated etching and passivation [Tum10]. This is
necessary in order to achieve the required aspect ratio of TSV depth and diameter. The
number of cycles in the Bosch-process affects the roughness of the TSV sidewall and the ratio
of diameter and depth (Figure 2). A high cycle number improves the properties of TSV but
causes higher production costs.

Figure 2 Cut through a TSV produced using the Bosch-process.

The properties of present TSV technologies are

- Diameter: 5-20 micron, copper TSV up to 100 microns

- aspect ratio of diameter / depth: up to 1/20

- Insulation: SiO2 0.4 microns

- Minimum distance between adjacent TSV (pitch): 3-4 times diameter.

The wafers are thinned from 20 to 100 microns thickness due to a limited aspect ratio. In
addition to the electrical conductivity the TSV also support the heat dissipation.
After the dies have been stacked above each other they are electrically and mechanically
connected by using pressure and heat. One possibility is the application of very small solder
balls which are called balls or bumps. SLID, however, are flat contact surfaces. Figure 3
illustrates the connection techniques.
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Figure 3 Connection technologies between dies.

The size of the contact pads determines the required position accuracy and therefore it has
impact on the manufacturing costs. Table 1 shows properties of those elements. The minimum
pitch of these contacts is twice of their diameter.



Table 1 Properties of connection elements.

Ball/Bump Microball SLID
Minimal height (micron) 200 50 30
Maximum height 500 200 200
(micron)

For the direct stacking of IC the contact surfaces of the lower IC are exactly under the
corresponding contact surfaces of the upper IC. This applies also to the signal as well as to the
power supply lines. Thus, the ICs must be compatible regarding the placement of their
components in layout (Fig. 4A). With the exception of the IC on top, TSVs have to be
integrated into all dies. Therefore all individual IC must be designed together. The stacking
can significantly shorten signal paths, and thus allows increasing clock frequency and
performance. This technologically challenging way of 3D-integration is still under
development. It is not only technological problems (e.g. the manufacturing yield) but also the
performance and the functionality of current design tools that slow down the development of
3D-systems.
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A) Stack without interposer ~ B) Stack with interposer C) Side by side at interposer

Figure 4 Integration variants with and without interposer.

An alternative to direct stacking is the insertion of an interposer. Through its wiring layers,
the connections between various dies are established and rearranged if necessary. The
interposer consists of a thinned silicon-die with very fine structured metal layers. Figure 4B
shows a construction variant in which two dies are assembled with micro-balls on the
interposer by using flip-chip technology. Since no TSV has to be introduced into the dies, it is
possible to reuse existing 1Cs. A special variety is the placement of I1Cs side by side (Figure
4C). This method is also referred to as 2.5D integration.

An example of TSV-based 3D-integration is the image sensor. Image sensors detect
several million pixels that need to be stored fast. For data compression, algorithms like JPEG
or MPEG are used that run on special processors. Apart from high demands on the computing
speed of the processors the reading and transmission of data from the sensor to the processor
poses a challenge. With the 3D-integration many processes can run parallel whereby the
processing performance can be increased [LWKO09]. Figure 5 shows the structure of the stack,
Figure 6 shows the prototype.
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Figure 5 Scheme of the camera stack.

L L e e
VYO0 UUUDUwEELCECCRER LS

:: Processor+Camera:? |

=

W
]
]

 »
%
L]
»

%

>
s
¥
»

?
»
-
-
@
-
»

ce

Figure 6 3D-integrated camera system (Infineon AG).

For the example a glass substrate, provided with conductor tracks, was included in the
structure. It supports and protects the image sensor. Thus, the heating of the sensor by the
processor can be reduced otherwise the image noise would increase.
The example shows that, depending on the application demands, different technologies and
materials can be used for the 3D-integration.

2 CHALLENGES OF THE 3D-DESIGN

Performance, reliability and costs of a stacked system depend to a much greater extent on
its structure than this is the case with the traditional SoC design. The variety of
implementation options opens a large design space in which it is difficult to identify a good
implementation option. Much more problematic is that the design tools do not adequately
support the 3D-design and that there is little experience in implementing these systems.

Variety of technology possibilities

While the SoC design requires a selection of a semiconductor and packaging technology
the 3D-design poses far more complex questions:
- The number of dies in the system
- Atechnology choice of the individual dies



- Partitioning of system functions to dies

- The number of required interconnects between dies

- Technology of inter-die connections

- Packaging concept

- Order of manufacturing steps

- Atest concept for individual dies and the assembled system.

Some of these decisions are interdependent and each of them affects performance,
reliability and production costs of the system. To optimally exhaust the potentials of 3D-
integration, tools for evaluating the design space (design-space-exploration) are required.
These should estimate, based on cost functions, the properties of realization variants regarding
various criteria and support the system designer in the technology selection.

Multi-physical interactions in the stack

While unwanted effects such as parasitic coupling between adjacent lines are known and
can be modeled in the classical 2D-design, there are a number of new multi-physical effects in
the 3D-integration. These can be divided into electrical/ electromagnetic, thermal and
mechanical effects interacting between each other.
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Figure 7 Multi-physical effects and interactions.

Figure 7 shows the consequences of multi-physical effects on properties and reliability of a
system. Additionally, interactions occur between the physical domains. The power dissipation
of a circuit on a die, for example, causes local heating in the stack and can therefore change
the operating point of the circuit above. At a high heat level, different expansion coefficients
of silicon and metals in the TSV and the wiring can lead to mechanical stress that, in the
worst case, can cause damage (e.g. broken interconnect).

Realization of power and ground supply in the system

The high functional density in the stack with relatively few connections to the outside is a
challenge for voltage supply and ground connection. The higher electrical resistance of the
TSV causes voltage drop if high currents are requested. This results in an unwanted coupling
of the individual components via power and ground terminals which leads to problems
especially for analog circuits. To address these problems in the design both, interconnects on



the die and on the stack have to be taken into account. A possible solution can include
additional voltage regulators which can be integrated on dies or interposers.

Missing design-kits in the stacking domain

While there are design-Kits for the design of dies, they are missing in the area of stacking.
At this level, the automatic verification of design rules is not possible and the quality of
design verification by simulation is limited. In addition, a standardized data format is missing
for exchanging geometry data between design tools as well as between design team and the
3D-system manufacturer. A larger number of required re-designs is the result. The expansion
of design-kits regarding 3D-design techniques is an important prerequisite to allow a wider
application of advanced packaging technologies.

Testability of 3D systems

For the correct operation of a 3D-system it is necessary to ensure that, on the one hand, all
individual dies were processed accurately and that, on the other hand, they have been
assembled and connected correctly. Since a bad die renders a whole stack with a plurality of
error-free tiers unusable, it is essential for the production costs to identify bad IC on the
wafer. This can be particularly problematic with regard to radio frequency circuits as RF
signals are difficult to contact on the wafer. A maximum of 1% of the as good classified Dies
should have undiscovered errors after the wafer test (known good Die level 99%).
A test of the overall system follows the assembly of the stack and the packaging. At this
point, access to internal signals and components should not be directly possible. This also
includes the built-in TSV in the system. Depending on the application, appropriate test
methods have to be developed to examine the proper assembly of the system. They must also
handle the complexity of the system functionality and the resulting high test time and —costs.
One promising approach is the use of self-test concepts where the processors installed in the
system generate and check test patterns to evaluate the correctness of the system.

Complexity of the systems

The design problems illustrated in previous points must be mastered for very complex
systems with a high number of circuit elements. While there are modeling approaches and
analysis tools for parts of a system as well as for a small number of TSV, these are often not
applicable to the design of the complete system, as these detailed models require a high
simulation time and high memory requirements. Thus, an important task is the development
of modeling techniques that increase the level of abstraction of the models without losing
important properties.

Another task is the development of design procedures and optimization strategies that
guides the designer step by step to an appropriate 3D-realization. Due to the technological
diversity, there is a very large design space that overcharges a single optimization process. A
step-wise optimization and the combination of stochastic and heuristic approaches are
essential to master the design complexity. In the following sections approaches for a 3D
design-flow are presented.

3 AN ADVANCED DESIGNFLOW FOR 3D-LAYOUTS

Due to the complexity of the 3D-design a new approach for the design flow is required in
which the design flow for the design of single chips (System on Chip) is an integral part.



Furthermore, a variety of new and additional activities is  required.
The design already starts with the definition of the overall system, which contains far more

components than previous system-on-chip systems and has a wider variety of components.
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Figure 8 Simplified flow chart of a 3D-design



In this case, the SystemC language with its extension to SystemC-AMS provides a means
of description. This whole system must be simulated and verified. After establishing the
accuracy of the overall system, it has to be partitioned by optimization functions. During
partitioning it is essential to ensure that components can be reasonably placed on the
individual chips. Thereby the target technology for every chip, the testability, thermal
conditions and timing requirements must be considered. The partitioning is followed by the 3-
D floorplanning with the rough placement of components on the individual chips including
the placement of the required vias.

A new 3D-Floorplanner was developed for the layout design of 3D-systems. The main
difference to already known 3D-Floorplanners lies in the optimization aim: the production
cost of the 3D-structure. In addition to the timing of the digital circuit it is also thermal
requirements that are directly integrated into deeveloped algorithms.

The starting point for the floorplanning is an RTL-design of a digital circuit. The starting
point for the 3D-floorplanning is not only the modules of the design but also a synthesized
standard cell netlist which results from the normal RTL-synthesis. From this netlist super-
cells are generated. A super-cell consists of a certain number of standard cells. During the
repartitioning it is substantial to ensure that the number of cells in the super-cell is well-
balanced and that the number of connections between the super-cells is minimized.
Minimizing the number of the connections takes place so that later the number of TSVs is
reduced. The netlist of the super-cells is used as input for the floorplanning.

In opposite to traditional 2D-floorplanning, the above described approach allows that the
standard cells of a super-cell may be placed outside the limits of the super-cell surface set by
the floorplanning. The chosen approach has two advantages: (1) TSVs can be placed within
one super-cell; (2) the standard cells are then placed around the TSVs. Remained standard
cells are then moved into the space between the super-cells or are assigned to other super-
cells. This guarantees a high flexibility until the end of the floorplanning. The position and the
size of the super-cell as well as the TSVs are fixed after the 3D-floorplanning. Thus, the
relationship across the levels is ensured and the levels can now be placed and be routed
individually by using the information about the TSV positions.

The production costs summarize the costs of production steps, of the production of TSVs
and of the bonding of all levels.
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The use of the floorplanner is demonstrated on a VLIW processor. The synthesized netlist
consists of approximately 100,000 standard cells. In this case, these were broken down in 128
super-cells, which then represent the starting point for the floorplanner.



Figure 9 Floorplan results for the VLIW-processor with four Dies.

The least expensive version, which has been determined by the floorplanner, consists of
four levels and is shown in Figure 9. The red squares are the TSVs while the larger squares
represent the super-cells. It can easily be seen that the solution is strongly dominated by the
TSVs. After the floorplanning, the individual layers have been placed and wired by using a
standard place&route tool. The results are shown in Figure 10.
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Figure 10 Placement results for the VLIW-processor with four Dies.

Summary

3D-stacking practically allows the integration of any number of chips. The integration
possibilities are limited by mechanical problems, the manufacturing process (the more stacked
wafers, the higher the probability of errors in the production) and are strongly influenced by
the thermal energy consumption inside the stack. Another limitation is the testability of the

stack. A complete check and optional error diagnosis of the stack must be possible after the
manufacturing. Benefits of 3D-stacking are:

- ahigh integration density per volume

- The high parallelism (theoretically, up to several thousand vias between two levels are
possible),

- short connection paths that lead to a reduction of driver power
- reuse of standard circuits to reduce costs (e.g. storage)
Partitioning into various small chips instead of a big one (increases the yield)



- Use of low-cost technologies that can come from different vendors rather than from
one very expensive one (small chips are very homogeneous and only need a few
manufacturing steps)

In the future new applications will create new challenges. The miniaturization in
microelectronics is progressing steadily and thus fulfills the requirements of future systems.
Until the beginning of the 21st century microelectronics has been strongly influenced by the
Moore's Law, which states that the number of transistors on a chip wills double every two to
three years. However, within the next decades the trend is more likely going to be More than
Moore. The systems are usually built very heterogeneous and consist of several components
that place their own, very different demands on the functionality and the properties of the
components. Those systems usually consist of:

- one or more sensors that collects data from the environment,

- analog circuits that provide a connection to the digital world of electronics,

- the digital signal processing, and

- Components of power electronics that control actuators, that retroact on the
environment.

The 3D-integration is an ideal platform for the production of such systems in compliance

with miniaturization, energy efficiency and reliability.
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