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Abstract—The development of 3D systems is a highly complex 
procedure. Next to a huge variation of possibilities on how to 
vertically integrate two or more dies, a lot of aspects regarding 
cost, design and application specific selection of technology have 
to be considered. Therefore a design model will be presented, 
that considers the mutual influence of design and process 
technology during the integration flow development.  The design 
model has been implemented in a software system. To be able to 
develop integration flows, complex technology information is 
needed, which results in the necessity of a data management with 
usage of a technology database. 
 

Index Terms—3D integration, data management, design 
model, process flow 

I. INTRODUCTION 
promising solution for continuing the increase in 
complexity of VLSI described by Moore’s Law is the 

stacking of integrated circuits. In the last decades this growth 
has been achieved by scaling the on-chip feature size. The 
scaling cannot continue forever, because of physical limits in 
the shrinking process and increased manufacturing cost. 
Therefore the so called three-dimensional (3D) integration 
technology is more and more emerging. During development 
of a 3D chip, due to the large number of possible processes, it 
is necessary to take into account restrictions given by 
fabrication and technology. Additionally, the choice of the 
integration flow is affected by product specific constraints. 
This implies the need to explore technology as well as design 
options, as has already been demanded in [1]. Furthermore [2] 
points out that a “co-optimization” of the system design and 
the system hardware is necessary.  

This paper follows these considerations, but focuses on the 
choice of processes during the development of a 3D 
integration flow and the management of the required material 
and process data. Integration flow in this context stands for a 
specific sequence of integration process steps to combine a 
number of dies to form a 3D stack. Therefore a design model, 
which makes use of the mutual influence of design and 
process technology, will be presented. Additionally a 
prototype of a design flow generator with a dedicated data 
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management is shown. Before this the technology background 
of 3D integration and 3D integration flows are given. This 
paper closes with a conclusion and an outline of future work.  

II. 3D TECHNOLOGY BACKGROUND 

A. Integration Technology 
Seen from the process view, 3D integration can be outlined by 
the following three classes of technology:  

1. TSV fabrication (Insertion of vertical connections into 
the die; TSV = Through Silicon Via)  

2. Wafer thinning (Reduction of the thickness of the die  
to be able to contact the TSVs)    

3. Wafer bonding (Connection of two wafers or dies) 
While creating TSVs it is necessary to consider, at which 

point of time with regard to IC-processes and integration 
process steps the fabrication of TSVs takes place. Creating 
TSVs before CMOS processing (FEOL = Front-end-of-line) is 
called “via first”, after FEOL but before BEOL (= Back-end-
of-line) “via middle”. A via formation after the complete IC 
process (Post-BEOL) is called “via last”. The advantage of the 
latter option is that the IC wafer can be manufactured in a 
foundry which does not support TSV formation yet. The 
TSVs can then be added later by another foundry. Creating 
TSVs after wafer bonding (“via after bonding”) is another 
possibility. Examples of processes are the “Bosch-process” 
(DRIE = Deep Reactive Ion Etching) to create the trench and 
Chemical Vapor Deposition (CVD) to fill the trench with 
copper or tungsten. In order to reduce the thickness of the die 
it is necessary to perform wafer thinning. Therefore depending 
on the choice of integration flow two options exist: The IC 
wafer will be either bonded directly on the 3D IC stack with 
the backside up and then thinned or temporarily bonded on a 
wafer handle and thinned. 

For the bonding process the bonding objects as well as the 
orientation are of importance: The two main approaches to 
bond a wafer stack are “Wafer-to-Wafer” (W2W) and “Die-
to-Wafer” (D2W). Since W2W stacking means to combine 
two complete wafers, this method is only suitable if all dies 
have the same size. Another drawback is the yield of the die 
stack, because it derives from the yields of the individual dies. 
If for example two wafers reaching a yield of 90% each, a 
stacking results in an 81% yield (yield loss through the 
stacking process is not considered).  
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D2W stacking facilitates the use of “known good dies” 
(KGD) so that a higher yield can be achieved. Additionally it 
is possible to have different die sizes. The orientation of the 
wafers/dies can be either “Face-to-Face” (F2F), “Back-to-
Face” (B2F) or “Back-to-Back” (B2B) [3].  

B. Integration Flows 
In order to achieve a stacking of only two dies there exist 

nine possible flows to combine the integration processes with 
the FEOL and BEOL [3] [4]. Fig. 1 shows one example of the 
“Via last” approach: After the FEOL and BEOL processes the 
wafer will be temporarily bonded on a wafer handle and then 
thinned. After that the TSVs will be fabricated from the 
backside and the wafer will be finally bonded B2F to the other 
wafer. 

With the large number of specific processes (e.g. DRIE or 
laser ablation for TSV fabrication) and materials to use, there 
are still a lot of possible variations after selecting one of the 
integration schemes. This accumulates even more when 
thinking about heterogeneous integration of several dies 
having a different technology each. In this case it will be very 
difficult to determine a process sequence which is fulfilling 
the initial specifications and is also manufacturable. Product 
specific constraints are for instance the number of dies, the 
technology of the dies, or the number of TSVs needed. These 
constraints will affect the selection of processes and TSVs. On 
the other hand pre- and post-conditions of different process 
steps, temperature budget and a cost factor need to be 
considered while developing an integration flow. These 
aspects can require major changes in the initial design. This 
train of thought leads to a design model approach, which is 
described in the following section. 

III. METHODOLOGY FOR CREATING 3D PROCESS FLOWS 
The foundation of the design model presented in this paper 

is the Pretzel Model developed at the University of Siegen 
(Fig. 2) [5]. The Pretzel Model originally designed for 
MEMS, is now adapted to 3D systems. 

In order to design an integrated 3D system, the bottom-up 
process design flow (right hand side) has to be taken into  
account at the same time as the top-down product design flow 
(left hand side), since with the high amount of dependencies 
as described before the design cannot be performed detached 
from the technology. According to this model the designer 
starts creating a structural description, which is based on the 
requirements. From this structural description a corresponding 
physical design of the 3D system can be derived. The next 
step is to design a process flow for manufacturing the 3D 
system. At the same time important material and process step 
data is collected, and the process flow has to be verified with 
this additional data. The last two steps have to be repeated 
until the process flow matches the physical design of the 3D 
system.  

In order to be able to develop a process flow considering 
design and technology constraints at the same time, a design 
model has been developed. The design model is divided into 
four parts (Fig. 3), which are described in the subsequent 
sections.  

 

Figure 1. Example process flow. 

 
Figure 2. Pretzel Model. 

 

Figure 3. Methodology for creating integration flows. 
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A. Building of an Integration Process Step Collection 
The first step to develop an integration process flow is to 

build up a collection of available process steps. Each process 
step needs some parameterization, so that different analysis on 
process steps and combination of process steps respectively 
process flows can be performed. Process parameters basically 
include information on temperature, processing time and 
involved materials as well as other constraints.  

One crucial aspect is the cost factor (see section C). Cost is 
always an important challenge and therefore it is necessary 
that every process step is parameterized with a cost value, so 
that not only technical but also economic conditions can be 
considered during the development of the process flow. 

Process steps require also different temperatures and too 
high temperatures can damage existing layers on the die. 
Therefore it is important to know the process step’s 
contribution to the overall temperature budget. 

Additionally every process step needs a list of pre- and 
post-conditions to indicate the dependencies to other process 
steps. With these conditions it is possible to perform a final 
check of the flow at the end of the development process to 
guarantee the manufacturability. 

B. Reduction of the Number of Process Steps Due to the 
Consideration of Product Specific Constraints 

After building an integration process step collection with 
the mentioned parameters it is necessary to take account of 
product specific constraints. These constraints give 
information of the desired product and are derived from the 
design exploration. They affect the selection of process steps 
and therefore allow building an integration flow which suits 
best for the product. 

Possible constraints are the number of dies, technology of 
the dies and number of TSVs. The conditions of the different 
process steps therefore need to be checked on the individual 
inputs. In case of violations, the process step has to be 
removed from the list. 

C. Selection of an Integration Flow with Preferably Low 
Cost Factor 

The next step is to build a low cost integration flow from 
the remaining integration process steps. In recent research 
papers different approaches have been presented to perform a 
3D IC cost analysis. In [6] a cost model for a 3D-System-on-
Chip is presented where the cost of a 3D process step is 
determined by the processing time and material consumption 
per step. Out of these it is possible to derive yearly production 
cost while considering a yearly target production volume. The 
cost consists of equipment cost, clean room cost, personnel 
cost, maintenance cost and material cost. In comparison to this 
in [7] a cost model is presented where the final 3D chip cost is 
separated into several different parts: A wafer cost model 
takes account of the die area and the yield, and a bonding cost 
model determines the costs of the integration process steps. 
Both are merged into the overall 3D cost model, which also 
depends on additional design options such as Die-to-

Wafer/Wafer-to-Wafer bonding or Known-Good-Die cost. 
The cost model used for the design model includes the ideas 

presented in [6], but focuses on the costs of expensive 
materials, equipment/machine cost, and the processing time. 

In case it is not possible to develop a low-cost integration 
flow, e.g. due to lack of available process steps, the building 
process is canceled and the violating constraints are listed. In 
this case it is necessary to go back and change the process 
steps / process parameters or the product specific constraints. 

D. Consistency Check 
The last step of the design model is a consistency check of 

the selected process to guarantee manufacturability. The 
technology constraints of the process flow and the individual 
process steps are represented by the pre- and post-conditions 
of each process step, which have been defined in section A. If 
for example for TSV formation a copper (Cu) deposition 
process step exists, it may have a deposition of an adhesion 
layer like TiN as a pre-condition and a thermal treatment as a 
post-condition [3]. 

These conditions allow to prove, if all necessary process 
steps are part of the flow and to directly indicate errors by 
showing the violating dependency. Another crucial aspect for 
a sequence of process steps is the temperature budget. Some 
process steps require a certain temperature limitation for the 
following process steps or the applied materials can only 
withstand a certain temperature over a particular period of 
time. In these cases it is necessary to analyze the different 
requirements of every process step and every material. In case 
of violations a return to step B or even to step A (then going 
along with changes in the design) is necessary, which means 
that it is also possible that no suitable flow exists. 

IV. INTEGRATION PROCESS FLOW MODELING 
In order to be able to describe a process step sequence and 

implement the description in a software system afterwards, a 
process graph model (PGM) has been developed. At first 
glance a list-like data structure seems appropriate, since a 
process flow is a sequence of individual processes. A closer 
examination reveals that this is not sufficient, because 3D 
integration technology involves at least two different dies or 
wafers, which leads to the necessity of representing more than 
one process sequence. Thus a graph was chosen as a data 
structure for its flexibility and extensibility. A simplified 
abstract example of a PGM is shown in Fig. 4. In the PGM a 
node represents the current “production state” of a die and an 
edge represents an integration process step (IPS). After 
performing an IPS (e.g. an etch process for via formation), the 
production state of the die changes, reaching another node in 
the graph. For developing a process flow of a die stack with 
three dies as given in the example in Fig. 4. Initially each die 
is represented by its own node and processed individually, 
until a bonding process occurs. In this case two different 
process sequences are merged together to create a new node 
(e.g. “Die 1+2 – state 0)”, which represents the newly stacked 
die stack. The PGM is presented in more detail in [8]. 
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V. DATA MANAGEMENT FOR PRODUCT SPECIFIC 
INTEGRATION TECHNOLOGY 

Developing 3D systems is a highly complex procedure, 
since a huge amount of different technology data has to be 
considered. Therefore it is necessary to be able to create, edit 
and manage data in a comfortable way and also export the 
data in a format, so that the information can be easily retrieved 
by other design tools.  

A. Database 
The requirement for the database is to store all data that is 

used for the integration flow generation as well as for other 
tools regarding the design process of a 3D system. This is 
achieved by starting with basic information first. To describe 
technological and physical characteristics, units and 
parameters are essential components. The data stored in the 
database to specify a unit are the name, a unique ID, a unit 
symbol, a short description and information about the author 
and the creation date. A unit has no dependencies to other 
entities in the database, so that the data can be retrieved with a 
simple SQL command “Select * from unit”.  A parameter is 
described in a similar way. Additional information is the 
assigned unit, the type of the value (numerical, textual or 
material) and attributes. A parameter is initially abstract, 
which means that it has no attached value. The value will be 
set when the parameter is assigned to a material, process step, 
layer or TSV. Attributes adds further information to a 
parameter, e.g. to specify a location where a certain 
temperature has to be reached. With the dependencies to 

attributes and unit it is no longer possible to extract data from 
the database or insert new data with a simple SQL command. 
Therefore a data editor has been developed, which is 
described in the following section. 

The most important data stored in the database are 
information about materials, TSVs, dies, process steps and 
process flows. Materials are described with a name, a unique 
ID, a description, information about the author and creation 
date, a list of parameters and their values and the material 
class it belongs to. While TSVs are described in a similar way, 
a process step and a die need some additional information. 
The parameters of a process step are divided into process and 
result parameters in order to give a more accurate 
specification of a process step. To be able to perform a 
consistency check over the whole process flow, every process 
step and die is parameterized with rule sets. For each process 
step individual pre- and post-conditions are defined to 
describe the position of the process step inside a process flow. 
The process flows stored in the database are a mapping of the 
process graph model mentioned in the previous section. 
Additionally each die can be parameterized with conditions, 
e.g. to prevent the use of high-temperature process steps for a 
die with a certain technology. 

The different data objects are not isolated structures, but are 
strongly interrelated. An overview of the data objects and their 
(inter-)dependencies is shown in TABLE I. Taking for 
instance a look at the process steps, dependencies to TSV, die, 
material and parameter can be found. In order to be able to 
describe a process step properly, it is necessary to define 
process parameters and involved materials. While choosing a 
suitable process step, the technology of the die has to be 
considered as seen before. The selection of process steps for 
via formation also affects the achievable geometrical 
dimensions of the TSVs.  

B. Data Editor 
As described before, the data structure of the different 

objects is complex, especially for materials and process steps. 
To be able to add and edit data easily, the client of the 
software ASPIRE (see section VI) has different editors with a 

TABLE I 
DATA OBJECTS AND DEPENDENCIES IN THE TECHNOLOGY DATABASE 

 dependencies example data 

material parameter copper, tungsten, silicon, 
… 

process steps TSV, die, material, 
parameter 

DRIE, PECVD, grinding, 
… 

TSV material, parameter Copper 15 μm, … 

die process step, TSV, 
parameter CMOS 65 nm, … 

process flow process steps, TSV, die Demonstrator_Flow 

 

Die 1 –
state 0

Die 2 –
state 0

Die 3 –
state 0

Die 2 –
state 1

Die 3 –
state 1

IPS2

IPS1

IPS5

Die 1+2 –
state 0

Die 1+2+3 –
state 0

IPS6

Die 3 –
state 2

IPS4

Die 2 –
state 2

IPS3

Figure 4. Example of a process graph model. 
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graphical user interface. Fig. 5 shows a screenshot of the 
material editor together with the popup for editing a material 
parameter. In the given example the material copper has two 
parameters (thermal conductivity and density). The density 
has the value 8920 kg/m³. Except for the process flow editor 
all other editors are built up in a similar way. The process 
flow editor uses a graph model to illustrate a process flow 
(section VI).  

The inputs that are made in the GUI are translated into SQL 
commands by the software and send to the technology 
database, where the according data set is created or updated. 
These tasks are performed invisibly in the background, so that 
no further action from the user is required.  

C. Exchange Format 
Next to the functionality to manually add and edit 

technology data as described in the previous subsection, it is 
necessary to import and export data in order to communicate 
with other design tools. As a text format XML (Extensible 
Markup Language) [10] has been chosen, because of its 
advantages such as being platform-independent, extendable, 
flexible and easy to integrate in applications with the help of a 
parser (e.g. JDOM for JAVA). Fig. 6 exemplary shows the 
XML export of the material copper (already shown in the 
editor window in Fig. 5). In the XML-file it is also possible to 
see the creation date, the ID of the author and the ID of the 
material. Each data object in the database has a unique ID to 
be clearly identifiable, which also needed for the (inter-) 
dependencies between the different data objects. 

VI. SYSTEM FOR 3D INTEGRATION FLOW GENERATION 

A. Overview 
The described design model is implemented in the software 

ASPIRE (“Application Specific Integration Flow Evolution”) 
(Fig. 7). It is realized as a client-server architecture in 
combination with a PostgreSQL [9] database, which has 
already been introduced in the previous section. With the help 
of the client it is possible to add and edit process steps, dies, 
materials and TSVs. After creation of this basic data (section 
V) it is possible to develop process flows with a process flow 
editor. In order to be able to create integration process flows, 
that allow the assignment of process steps to different dies, a 
dedicated data model for describing process flows has been 
developed (section IV). In the following subsection the 
process flow editor is presented. In order to be able to check 
the feasibility of the developed process flows, a consistency 
check has been implemented, which is also shown with an 
example. 

 
 
 
 

Figure 5. ASPIRE material editor. 

 
Figure 6. XML Description of material copper. 
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B. Flow Editor and Consistency Check 
An illustration of the process graph in ASPIRE, which is an 

implementation of the PGM as described in section IV, is 
shown in Fig. 8. The example in the Process Graph Editor 
Window shows a process step sequence of “Die B”. Every 
time a manipulation of the graph in the GUI is performed (e.g. 
a node or edge is added), the change is transferred to the 
underlying process graph, which is directly connected to the 
database. This allows the storing and loading of process flows. 
A visualization of a stored process flow is done by using a 
depth-first search (DFS) on the process flow stored in the 
database. During the development of the process flow the user 
is supported by the software. By describing the predefined 
die-stack in XML format (with information about the number 
of dies, technology and alignment of the dies) the editor starts 
with the according number of die states and establishes a 
connection to the according dies in the database. When the 
user adds an integration process step to the process flow, the 
process steps are checked against the conditions of the 
involved dies. This prevents the use of process steps that are 
not compatible to a specific technology. As described before, 
each process step can be parameterized with conditions, e.g. to 
define which process steps has to be taken before and after the 
current process step. 

In the given example the process step “DC-Sputtering” has 
the pre-condition that the process step PECVD must be 
performed in advance. This condition is not fulfilled. Since all 
process steps are connected in a graph, this violation can 
easily be detected by a consistency check. The consistency 
check, implemented to assist the user in creating a 
manufacturable process flow, tests every condition of every 
process step and marks discrepancies. The result of the check 
is shown in a popup window (Fig. 8). Additionally limitations 
given by the technology of the die or the choice of TSV are 
also checked. 

 

VII. CONCLUSION AND FUTURE WORK  

A design model for developing application specific 3D 
integration flows accompanied by a process design software 
prototype with a dedicated database were presented in this 
paper. With the design model it is possible to take account of 
both process and product specific constraints. Provided that 
3D integration is feasible, the software described in the two 
previous sections allows the development of manufacturable 
process flows out of a set of available integration process 
steps. Currently editors for materials, TSVs, dies, and process 
steps exist as well as the connection to a database which 
allows the storage of all necessary technology data. 
Additionally it is possible to develop 3D integration flows 
using a process flow editor, which is an implementation of the 
presented process graph model. With the help of a consistency 
check the process flow can be checked on feasibility at any 
time. Furthermore, an implementation of a cost model as 
described in section III is under development so that economic 
aspects are also considered. A light-weight integration with 
other design tools to be developed within the project NEEDS 
(e.g. 3D floor planner, 3D test) is planned. 

 

 

Figure 7. Overview software system. 

Figure 8. Process graph editor and consistency check 
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