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Abstract

Photovoltaic cells remain a topic of interest in the research community. With the
increasing popularity of printed electronics, the combination of these two areas is
standing to reason. Within this master thesis, an information technology system
is developed to automatically fabricate and evaluate samples based on stacks of
opto-electronic layers. The system is implemented in context of a high-throughput
testing project and evaluated on real life equipment.
The developed architecture takes several factors into account. With the definition of three user roles in mind (researcher, technician, administrator), the system
has been implemented in such way, that it combines a huge set of heterogeneous
equipment into one central fabrication line. Flexibility for expansion, exchange of
equipment and changing of production processes is the cornerstone of the system’s
design.

iii

Kurzfassung

Photovoltaik-Zellen sind weiterhin ein Thema von großem Interesse innerhalb der
wissenschaftlichen Gemeinschaft. Mit der zunehmenden Popularität der gedruckten
Elektronik erscheint die Kombination beider Bereiche naheliegend. In dieser Masterarbeit wird ein informationstechnisches System entwickelt, um Proben basierend
auf Stapeln (Stacks) opto-elektronischer Schichten automatisch zu produzieren und
zu evaluieren. Das System wird im Kontext eines Hochdurchsatz-Projekts entwickelt
und an realen Geräten getestet.
Die Implementierung berücksichtigt eine Vielzahl von Faktoren. Ausgehend von
der Definition dreier Benutzerrollen (Forscher, Techniker, Administrator) wurde ein
System entwickelt, das eine große Anzahl von heterogenen Geräten in einer zentralen
Produktionsstraße vereint. Der Grundstein des Systemdesigns ist die Flexibilität bei
der Erweiterung und dem Austausch von Geräten sowie bei der Änderung von
Produktionsprozessen.
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Chapter 1

Introduction

According to the International Energy Agency’s 2015 Key World Energy Statistics [1],
81.4% of the world’s energy supply is covered by fossil sources like oil, gas or coal.
However, it is known that these sources are finite. Seeking reliable and cost-efficient
alternates has therefore popped up on the agendas of research facilities as well as
industries. Some of the key alternative sources to fossils include nuclear, wind, solar
and geothermal energy as well as hydro electricity, bio fuel/ethanol and hydrogen.
A major field of research at the Institute Materials for Electronics and Energy
Technology (i-MEET) of the Friedrich-Alexander University Erlangen-Nürnberg (FAU)
is the conversion of solar power to electricity by using photovoltaic cells. In collaboration with the Bavarian Center for Applied Energy Research (ZAE Bayern) and
other partners they develop methods and research materials suitable to increase
electrical efficiency as well as cost effectiveness.
i-MEET covers a wide range of projects including one named ”Solar Factory of the
Future”. In the same context but with separate funding, a project that comprises the
conception, erection and the operation of a High-Throughput Testing (HTT) system
for the distributed printing and evaluation of opto-electronic layers was started.
With grants from the German Research Foundation (DFG), it aims at eliminating
inaccurateness in the research of solar cells by automating the production and
evaluation process.
As of now, most researchers produce their solar cells by hand. While this method
is relatively cheap, it incorporates a lot of factors for error like inaccuracy when
mixing solutions, large time frames during which materials are exposed to air,
etc. These influences make a comparative measurement of produced solar cells
difficult. Thus, by eliminating human error through automated and strictly defined
production processes, one can focus on the real outcomes of experiments. Moreover,
automated manufacturing of photovoltaic cells is faster than manual fabrication
and will therefore allow a higher amount of produced and evaluated samples. The
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proposed HTT system allows for cells to be produced 24/7 without the need of
researchers to be actively present and to manufacture anything by themselves.
With these aims in mind, i-MEET has already started the project in 2015. Kicking
off with a concept phase and following up with the acquisition of components of the
fabrication equipment, the project is currently in a state, where the integration of
elements is possible. This is the setting for this thesis. By drafting and implementing a
centrally controllable computer system, this work will allow researchers of i-MEET to
send out printing jobs for photovoltaic cells to the fabrication line without knowledge
of the equipment and its functionality.
The upcoming Chapter 2 deals with the fundamentals and gives a brief outline
of the fabrication process of printed photovoltaic cells. Furthermore, it contains
an overview about automation systems and elaborates on techniques taken from
computer science used in the implementation of this work and referred to in later
chapters.
Chapter 3 then focuses on the High-Throughput Testing project. It describes its
general concept and the project phases. Following up, the equipment needed for the
fabrication process will be introduced and the equipment’s remote communication
capabilities highlighted.
The system design in Chapter 4 will start off with the assessment of the project
needs in regard to Information Technology (IT) support. It will propose an overall
IT architecture and describe the subsequently implemented modules (web interface,
database layout and database triggers, Application Logic, Unit Control System as
well as signaling between Application Logic and the Unit Control System).
In Chapter 5 the implemented system will be evaluated. Here at first, the outcome
of this thesis is summarized and combined with a description of the project progress.
It continues with the presentation and interpretation of data from sample production
runs before giving directions for future work.
The final Chapter 6 then summarizes and concludes.

Chapter 2

Fundamentals and Related Work

This chapter is dedicated to the essential principles, theories and techniques that
build the base for this work. Section 2.1 describes the method of high-throughput
research. Subsequently, Section 2.2 continues with the basics of printed electronics,
more specifically, of photovoltaic cells.
While the realization of a project like this is possible without the assistance of
computer science, practical considerations require the application of algorithms
and databases. The utilization of IT systems has proven to support, augment and
expedite research activities.
Therefore, Section 2.3 summarizes the possibilities to algorithmically solve
multidimensional optimization problems. Following up, Section 2.4 looks into
different automation systems, before covering virtualization techniques in Section 2.5
and user-defined functions in databases in Section 2.6. Eventually, this chapter
concludes with Section 2.7 by explaining techniques for the remote invocation of
code.

2.1

Combinatorial and High-Throughput Experimentation

High-Throughput Experimentation (HTE) is a research method of growing popularity
in different domains. It can be characterized as conducting several subsequent experiments, allowing the exploration of the parameter space of this scientific problem.
The data collected from the results enables drawing conclusions towards one or
more optimums. Maier et al. give a thorough review of the technique with the focus
on material science in their 2007 article [2].
A speed up of research ”by a factor of 10-100” is achieved by systematically
conducting coordinated trials. In the context of this work and material science, it
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is necessary to select materials of interest and develop methods for screening its
characteristics. Computer science and mathematics then enable to algorithmically
solve the posed multidimensional optimization problem. Nevertheless, HTE requires
the experiments to be precisely planned and the tools used to be carefully selected,
especially in the scope of computer science.
In literature combinatorial experimentation is sometimes used as a synonym for
HTE. While combinatorial optimization is defined as the finding of an optimal object
from a finite or discrete set of elements [3], the parameter set in HTE is neither
finite nor discrete. Referring back to the review article of Maier et al., the authors
clarified the confusion in terminology. To their definition, ” ’combinatorial’ should
refer to experiments in which [...] elements of different materials [...] of a recipe
[...] are combined”, thus the change in nature of parameters is name defining. In
contrast, they see HTE as the variation of the production parameters (i.e. thickness,
temperature, ...).
When looking into solving multidimensional optimization problems, one usually
finds three categories of solutions. These are methods without the use of derivatives
(i.e. downhill simplex, line methods, ...), methods with the use of derivatives (QuasiNewton, Levenberg-Marquardt, ...) as well as techniques based on machine learning
(i.e. genetic algorithms, artificial neural networks). Section 2.3 will give an outlook
on certain solution approaches.
The goal of HTE is always to increase the number of experiments conducted. This
can be achieved by either increasing the deployment of personnel or by automating
the production process, which is realized by the use of automated fabrication and
evaluation. Automation has several advantages compared to employment of human
resources. These are described in the later coming Section 3.1, which also gives an
overview of this thesis’ project framework.
In the following the term HTT will be used for the project that implements HTE
and uses automation, in order to conduct the experiments.

2.2

Printed Electronics and Opto-Electronic Layers

With HTT defined as the cornerstone research methodology, this section sets the
subject of research on solar cells. It elaborates on the techniques used in printed
electronics, especially in the context of opto-electronic layers, and will focus in
particular on the design of printed photovoltaic cells.
To serve the world’s energy consumption better, Stubhan defines the goal for
research to find methods, that increase the yearly production of solar cells from
gigawatt to terawatt [4]. This might be achieved by changing manufacturing method-
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ology from the expensive single-wafer production to the printing of photovoltaic
cells.
Krebs backs the research of polymer solar cells as they are ”unrivaled in terms of
processing cost, processing speed, processing simplicity and thermal budget” [5].
However, he mentions at the same time its problems, amongst them low Power
Conversion Efficiency (PCE) as well as poor operational stability. This thesis is
aimed at supporting that research by giving the computational tools to optimize the
discovery of better materials while minimizing the mentioned problems.
The functional principles of printed photovoltaic cells are explained with the
help of Figure 2.1. It depicts the stacked opto-electronic layers that form the overall
cell.

Electrode
ETL
Active Layer
HTL
Electrode
Glass

+
+
+

electrons
holes

Figure 2.1 – Operational principle of a printed polymer photovoltaic cell

• active layer: actively light absorbing layer. It converts light photons into holes
and electrons. Often referred to as a (bulk) heterojunction due to its mixture
of donor and acceptor materials
• transport layers: only allows the passage of either electrons (Electron Transport Layer (ETL)) or holes (Hole Transport Layer (HTL)) from the active layer
to the electrodes
• electrodes: need to be transparent at least on one side of the stack, in order
to allow light to pass through
• substrate/glass: base for the layered solar cell, either from glass or plastic,
comes usually bundled with a transparent electrode
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An interesting simulation applet animating the functional principle of a solar
cell without active layer can be found online at the University of Washington1 .
Furthermore, a detailed explanation of the stacked polymer cell is given by Dam et
al. in [6].
The basic goal for photovoltaic cells is to be manufactured in a continuous
fabrication process similar to the printing of newspapers [7]. However, in the
context of this thesis it will be sufficient to prove that the printed layers on top of a
solid substrate achieve a certain characteristic.
It is assumed, that a solid substrate with a transparent first electrode will be
delivered from a supply firm. The printing of the HTL, active layer and ETL will then
be realized with a technique called doctor blading, which allows the production of
a film with a predefined thickness. Krebs explains the method as ”placing a sharp
blade at a fixed distance from the substrate surface that is to be coated”, then a
coating solution is ”placed in front of a blade that is then moved linearly across
the substrate leaving a thin wet film after the blade”. The wet film is then dried
to solid either by heating the substrate or by giving it enough time to dry at room
temperature.
Another method for the printing of functional layers is spin coating. Layers are
produced by placing the coating material in the middle of a substrate, which is then
rotated at high speed in such way, that the material is spread over it.
Finally, the remaining electrode is applied by evaporating a solution onto the
surface of the substrate in a vacuum chamber.
After production, the categorization and evaluation of the printed photovoltaic
cells is defined by factors like PCE in combination with operational stability, production cost, environmental footprint, etc.

2.3

Algorithmic Approaches to Optimization Problems

HTE relies on exploring an experiment’s parameter space by collecting data from a
large set of experiment runs. A turn-based optimization algorithm provides a guess
for the next experiment run and is informed after each turn about the outcome of
its prediction. This description fulfills the classification of an on-line algorithm, as
described by Karp in [8].
When looking into the nature of the posed optimization problem one finds out,
that it consists of a set of influences joined together. The input parameters to it are
characterized by the experiment that is run, its parameters (i.e. processing options)
as well as possibly available data from previous turns. What is expected as a result
from the optimization algorithm is a maximum or minimum to a cost function that
1
http://depts.washington.edu/cmditr/modules/opv/organic_heterojunctions_in_
solar_cells.html
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is, at least in parts, dependent on measured results as well as the parameters of
the experiments. It can be therefore described as a multidimensional problem with
mixed input parameters (i.e. discrete and continuous).
Further refinements into possible characteristics are made by Press et al. in
[9]. The problem posed is to find the minimum/maximum of a likely non-linear
but deterministic function f (x 1 , x 2 , ...x N ), that furthermore cannot be completely
evaluated, while trying to minimize the amount of evaluations.
An overview of algorithms applied in HTE material science is given in the review
articles by Maier et al. in [2] as well as Curtarolo et al. in [10]. Methods without
derivatives (Downhill Simplex, line methods, etc.) as well as with derivatives (QuasiNewton, Levenberg-Marquardt, etc.) are mentioned besides the class of algorithms
known from machine learning (Artificial Neuronal Networks, Genetic Algorithms
(GAs) and Evolutionary Algorithms, Simulated Annealing, etc.).
However, Holeňa further refines the above mentioned description of algorithms by
setting a focus on GA in [11]. Derivative based algorithms are mostly not applicable
as the amount of measurement points for the calculation of a function is too high.
The author further argues, that GA have the advantage of being able ”to establish a
straightforward correspondence between multiple optimization paths followed by
the algorithm and the channels of a high-throughput reactor in which the materials
proposed by the algorithm are subsequently tested”.
Holeňa further observes, that, even though implementations of GA are available
in software packages like Matlab, specialized versions focusing on the applied field
of study have to be implemented.
While the algorithmic optimization of the HTT processes are a crucial part of the
overall project, further review and implementation would exceed the scope of this
work and is therefore omitted.

2.4

Automation Systems

One of the tasks later covered in this work is the automation of production and
testing of photovoltaic cells. Based on the assumption that automation must have
been a task already covered by other developers, research into the availability of
automation systems has been conducted.
A lot of the companies distributing equipment for the use of (semi-) automatic
fabrication are also in the business of integrating these and other devices into a manufacturing line. However, the software, algorithms and methods used represent the
knowledge of these companies and are therefore highly proprietary and confidential.
For that reason the focus shifted towards open source projects, that are allowing
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customization of code but are also giving the possibility to query the development
community for support.
Pytomation2 is described by its authors as ”extensible device communication and
automation system written in Python”. Looking into the supported devices of the
project, one quickly finds that it aims at home automation rather than automation of
fabrication lines. Furthermore, due to its code based on the language Python, there
is no real-time Graphical User Interface (GUI) as well as interaction possible.
Another project is Domoticz3 , which is also built as home automation system;
however, its code is based on an actual native application for Windows or Unix. It is
controlled through a web interface and allows the scheduled configuration of lights
and switches as well as the use of sensors for temperature, rain, etc. The system
is basically designed to react on timely settings or to perform actions on reaching
predefined thresholds.
The last project to be mentioned in this section is Mango Automation4 . While still
being partly open source, the licensing forsees commercial plans from $400-$2,500
for the base code framework plus the costs for plug-ins needed for data import and
export.
Its range of functions covers a lot of the essential features needed for this project,
like real time (data) monitoring, data acquisition sensors, scriptable logic and
automation, a graphical dashboard and user interface, user permissions management,
etc.
Unfortunately, the licensing costs as well as the still not well fitting design makes
it a less-then-ideal system for this thesis’ project. Section 4.2 shows the characteristics
of an implementation fitting to the project’s requirements.

2.5

Virtualization

The concept of virtualization was already known to IT in the 1960s. Throughout
the years, the application of virtualization has changed. Wolf et al. define it in
their introductory book [12] as ”the act of abstracting the physical boundaries of a
technology”. In virtualization, some of the most often consciously abstracted entities
are hardware, storage and network.
Regarding hardware virtualization, one needs to look into the common procedure
of processing data in a server environment. Classical computation relies on a set
of several physical machines/servers, each of them assigned to a certain task (e.g.
providing the database, running an application, hosting files, ...), that are then
forming a combined application structure. Considering the times when one of the
2

https://github.com/king-dopey/pytomation
http://www.domoticz.com/, https://github.com/domoticz/domoticz
4
http://infiniteautomation.com/, https://github.com/infiniteautomation
3
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servers is highly loaded while others are waiting idle for the results of the first
one’s computations, is one of the examples of underutilization or inefficient use of
resources.
This problem can be conquered through virtualization techniques. In a virtualized environment all the available resources (processing power, memory, hard
disk, interfaces, etc.) can be effectively used by dynamically allocating resources to
application containers. Furthermore, the virtualized environment might be aware of
unused resources and may allocate them to (optional but beneficiary) computational
tasks.
The above mentioned scenario describes the usage of autonomic computing
as well as the self-management based on perceived activity and utility computing,
where the system resources are seen as distributable utility. Physically available
resources are being abstracted from the host computer and tasks can be processed
according to priority and resource availability. This allows to react instantly on new
or changed requirements.
Figure 2.2 displays the described difference between classic and virtualized
infrastructure.

Single Application Servers:
- dedicated tasks
- no resource sharing
- not optimal load factor
- inflexible with new tasks

Virtual Servers:
- cluster of physical machines
- containers dynamically
distributed among them
- shared resources
- higher load factor
- flexibility towards changing tasks

Database
Server

Datenbase
Container

Application
Server

Application
Container

File Management
Server

File Management
Container

Figure 2.2 – Virtualization: migrating individually used resources towards a
jointly used resource pool
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Hardware virtualization has also other advantages. Some of them include:
• failover: continuous operation, even if one host fails
• snapshots: a representation of a state of a virtualized operating system, that
can be created during run time of the machine and used as backup
• migration: failover relies on the possibility for migration of virtual machines.
It can be described as the moving of a snapshot from one host to the next one
Beside the above mentioned method of hardware virtualization there are several
other types of entity abstraction in IT. An example is storage virtualization, where
the logical storage is abstracted from physical storage (i.e. an array of discs that are
behaving like one disk, etc.). Furthermore, parts of the network can be virtualized
by creating sub-networks, either by assigning the physical ports on a switch to a
certain Virtual Local Area Network (VLAN) or by dynamically assigning that VLAN
to a connected device depending on the device’s media access control address.

2.6

UDF Triggers

According to [13], Structured Query Language (SQL) is the most used database
language. Several implementations of SQL servers are available, amongst them
MySQL, Microsoft SQL Server and PostgreSQL. Out of these, MySQL is the most
widespread and therefore used in this thesis. Being the prevalent database server in
the open source community brings the benefits of good documentation in books and
on the Internet.
While the operating principles of database management systems are covered
in undergraduate courses at the university, a special feature of the MySQL implementation needs to be mentioned for understanding the architectural concept later
presented in this work.
A database system, and respectively a database, are basically designed to store
and hand out data upon request of a client connected to it. However, there are
cases when an architecture needs the database to initiate actions outside of its
realm. One of these cases, later presented in Section 4.2, is a database system
informing an external program of changes to its data. This is a use case, where
direct communication between several entities working on the same database is not
intended.
According to its documentation [14], MySQL allows to extend its functionality by
stored routines (e.g. program code written in SQL) and by adding native functions
when building the program from source code. A third possibility is the use of UserDefined Functions (UDFs), which ”are compiled as library files and then added [...]
to the server dynamically using the CREATE FUNCTION” statement.
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UDFs are favorable over stored routines and manually added native functions
built in at compile time. They either do not need an extensive compilation procedure
for each update of the database server or have a higher range of functions available
to the programmer.
Written in the programming language C, UDFs are fast native code compiled
into libraries (usually .so files), that can be added to a MySQL server as shown in
Listing 2.1.
1

CREATE FUNCTION htt_ping

2

RETURNS INTEGER

3

SONAME " h t t _ m y s q l _ n o t i f i c a t i o n . so " ;
Listing 2.1 – Example of the adding of a MySQL UDF

An example for a command to call the above loaded UDF can be found in
Listing 2.2. It is integrated into MySQL as if it was a native function and returns a
value to the caller.
1

select htt_ping ( " 192.168.27.1 " ) ;
Listing 2.2 – Example of calling a MySQL UDF

2.7

Remote Procedure Calls

Remote Procedure Calls (RPCs) are another important methodology in computer
science. The concept is especially known for its application in distributed systems
and the possibility to invoke methods or functions on a remote computer while
looking to the programmer as a normal procedure call. Even though RPCs are not
fully used to the extent described by Birrell et al. in [15], their functional principle
is an important component for this thesis.
The terminology for RPCs is straightforward. The calling entity is named client,
the remote machine that executes the actual program code is the server.
For a better understanding of the way RPCs work, an example sequence is
presented:
1. the client calls a stub, a representation of the server on the client side
2. the stub transforms the local function call into a request and sends it to the
server
3. the server receives the request and converts it through its skeleton, similar to
the stub on client side, to a local function call
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4. the call is then executed and the results are again passed to the skeleton, which
converts them to a reply and sends this over a communication system back to
the client
5. the client receives the reply, unpacks it via the stub and has the result present
in the initial function it was called from
There are three RPC communication methodologies. The above described RequestReply is usually the standard approach with a request sent and a reply expected by the
sender. No reply is expected at the Request(-only) methodology, reducing the communication to a minimum. There might also be situations when an acknowledgement
of a received reply is needed (Request-Reply-Acknowledge).
A major downturn of RPCs are the additional possibilities for failure, especially
due to the communication via network. Sections 4.4.3 and 4.4.4 will show a slightly
amended implementation of the RPCs.

Chapter 3

High-Throughput Testing Project

This chapter provides an overview of the High-Throughput Testing Project. Section 3.1 gives a general outline of the project’s aims and points out its time schedule.
An in-depth look into the equipment purchased for the fabrication of solar cells, its
functions as well as the options for integrating it into the overall fabrication line can
be found in Section 3.2.

3.1

Project Overview

In the year 2015, the DFG granted funds to the i-MEET for a ”Research device for the
combinatorial fabrication and evaluation of new semiconductor composite families
and of functional films based on them”5 . Most of the information of this section can
be found in i-MEET’s project description and the request for research funds to the
DFG [16].
As already described in Section 2.1, combinatorial research or HTT is a commonly
used standard approach in other fields. Transferring it into the domain of material
research and more specifically into that of photovoltaic cells therefore stands to
reason. However, to the best of my knowledge, it has not been realized yet to the
planned extent of this project.
Remembering the stacked structure of layers in a printed solar cell from Section 2.2, one finds that each of the layers has its individual properties determined
by influences during manufacturing. Therefore, the project foresees to evaluate and
inspect solar cells and especially each of their layers dependent on their deposition
and process parameters.
This set of parameters is complex and cannot be reduced to a primitive set of
arguments that form a simple function. Taking all necessary factors into consideration
5
Original title: ”Forschungsgerät für die kombinatorische Herstellung und Untersuchung von neuen
Halbleiterkompositen und darauf basierenden funktionalen Filmen”
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yields in the so-called ”combinatorial explosion” [17]. The concentration of materials,
(mixtures of) solvents, ligands, linkers, the post-processing and its parameters (i.e.
temperature for drying of a layer), the way material is deposited and its parameters,
etc. are the typical influences on materials (inks) for printable electronics.
Conquering the complexity can be achieved by increasing the amount of tests,
especially by automatically producing more samples and evaluating them. Moreover,
comparability between production runs has to be guaranteed, mainly by removing the
human factor from the fabrication process. Finally, the large amount of automatically
gathered data through automated production and testing should make it easier to
draw (algorithmic) conclusions, in order to reach a certain optimization goal. All of
these factors are incorporated into the design of the photovoltaic HTT fabrication
line and its computer based back end.
However, to the contrary of an overall concept, a tangible specification of the
back end has not yet been created. The presented thesis therefore tackles the concept,
setup, implementation and evaluation of the IT system.
At the time when this thesis was written, there was - to the best of my knowledge - no automatic production and evaluation system of printed photovoltaic cells
anywhere in the world. This makes the planned setup one of a kind. Still, individual components were available for purchase. However, these parts have not been
integrated together into a larger automated system. The combination of several of
these devices into one fabrication line would reduce the time and money spent on
re-developing functional components that already exist and are tested.
The developed HTT fabrication line does not only focus on the direct research of
photovoltaic cells, it will also be used in the following research projects:
• Controlling surface properties of nanoparticulate semiconductors for luminescent materials with high quantum efficiency
• Development of hybrid semiconductor composites
• Sol-gel processing of Chalkogenides
• Opto-electronic properties of heterojunctions between semiconducting carbon
allotropes
• Transport properties in nanoparticulate films
After the initial development and installation phase, i-MEET plans to use the
HTT fabrication line eight hours per day at four days a week for active research and
one day for reconfiguration and adjustments. However, after reaching a state of high
reliability, the hours of operation will be extended to continuous utilization at 24
hours a day, seven days a week.
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Equipment

Figure 3.1 depicts an abstract view of the setup of the fabrication line. Each of the
blue painted boxes (labeled Box 1 to 3) represents a nitrogen-flushed container.
These glove boxes allow the production of samples in a pure, oxygen-free and
moisture-free environment.
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Figure 3.1 – Simplified system setup of the HTT fabrication line

All boxes are linked by airlocks, that remain closed during standard operation.
They only open, when material is transported from one box to the other. Consumables
can be provided through one of the left airlocks of Box 1, whereas one of the airlocks
between Box 2 and Box 3 allows the removal (unloading) of processed materials
from the HTT system. Attached to Box 3 is the vacuum coating (film deposition)
device.
In addition to the boxes, the design foresees a Monitoring and Control Center
(MCC). It provides all essential information about the current running tasks and the
system status on a 4x2 video wall. Furthermore, pictures from eight high-resolution
cameras are gathered, aggregated and displayed.

3.2.1

A Detailed Look into the HTT Fabrication Line

In this subsection the level of detail is increased by moving the view from outside
into the glove boxes. The major components will be briefly mentioned before the
following subsections explain each one in higher detail. Figure 3.2 shows a detailed
view of the main components inside of the glove boxes.
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Figure 3.2 – Detailed system setup of the HTT fabrication line

Displayed in light blue are two workspaces, one in Box 1 and another one in Box
3. These areas are designated for manual work such as the loading and preparation of
materials needed for the fabrication process or the unloading of processed substrates
or test tubes.
The Boxes 1 and 2 contain one liquid handling robot each. These robots, colored
in orange in Figure 3.2, are able to handle liquid substances (e.g. dispensing of
liquids), as well as to move solid objects with their grippers. The working area of
the gripper is slightly larger than the size of the liquid handling robot itself.
In gray you will see two Selective Compliance Articulated Robot Arm (SCARA)
robots, responsible for most parts of the inter-component transport of the HTT system.
Resembling a human arm, they consist of four axes each. In addition, a linear axis
allows the robot to extend its range along that axis and another one adjusts the
height of the shoulder. That sums up to six movable axes available on the robot.
Printing of functional films is realized by the so-called Doctor Blade (DB). It
performs a thin film coating process by moving an applicator loaded with a substance
over a surface. This process is extensively described in [18].
After thin films have been coated onto substrates, the layer has to be dried out.
Heat Plates (HPs) (colored in purple in Figure 3.2) are distributed throughout the
three glove boxes. The heat drying process is usually straightforward and will take a
predefined time, once the HP has reached its configured temperature.
The plate reader in Box 2 is displayed in bright red. It is responsible for the
analysis of each layer after the functional layers are deposited from solution and the
electrical contacts of the devices are evaporated in a vacuum deposition chamber.
Moreover, a current-voltage (IV) measurement unit is shown in the figure in
light green. The measurements are performed once the sample is inserted into
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the measurement unit. The results are gathered from the device and stored in a
database.
The following sections are dedicated to the detailed functional principles of the
components and the abilities to remote control them.

3.2.2

Glove Boxes - GS Glovebox MEGA Line

The system of glove boxes manufactured by GS Glovebox Systemtechnik is shown in
Figure 3.3. It consists of three boxes, each of them equipped with a gas purification
system, that reaches cleanliness values of < 1 ppm (parts per million) for both
oxygen as well as water. The boxes are connected through several airlocks between
each of them. The airlocks at the outer part of Box 1 as well as the airlocks between
Box 2 and 3 have the capability to load/unload material into the boxes.

Figure 3.3 – Glove Boxes: GS Glovebox MEGA Line during setup

The airlocks are controlled by an integrated IT system, that is connected to an
electrical control and triggers an electro-pneumatic pump. Separation between the
boxes ensures, that running production processes do not affect other processes inside
of the fabrication line. Two high resolution cameras per box have been installed
after delivery to make sure that an operator can oversee all processes in the MCC.
Controlling Options
The glove boxes themselves are not delivered with directly remote controllable
components (except for the airlocks and a heating system inside of them). However,
from an operator’s view there are several parts, that should be monitored or steered.
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These include the system pressure (i.e. incoming flow of nitrogen), the levels of
oxygen and water inside of the boxes, as well as the state of the airlocks.
Furthermore, the airlocks also need to be controllable by the automation system,
as the transport between the boxes depends on the locks opening in time for the
robots to pass objects through the doors.
GS Glovebox Systemtechnik has provided a reference design for the implementation of a Programmable Logic Controller (PLC), that will allow the control of these
system states and the airlocks. i-MEET employees have integrated these PLC with
an Ethernet port, allowing the connection via Transfer Control Protocol (TCP) and
thus remote control.

3.2.3

Liquid Handling Robot - Hamilton Microlab STARlet

The cornerstones of the whole fabrication line are two liquid handling robots from
Hamilton Company. These devices from the product line Microlab STARlet consist
of a box that encloses the working area. Figure 3.4 shows one of the devices.

Figure 3.4 – Liquid Handling Robot: Microlab STARlet

Within the enclosure, other devices like HPs or DBs will be held. However, the
STARlets will execute two major functions. First, they will handle all the liquids.
With their pipetting system the robots are able to absorb and dispense fluids, thus
transporting them to any location inside of the STARlet box. Within the planned
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setup the absorbing and dispensing functions will also be combined for mixing solutions. The second task is to transport carriers within the box i.e. from doctor blading
to a HP and back.
Controlling Options
The two Microlab STARlets have been delivered in a complete package, each with a
controlling computer. Unfortunately, the devices have proven to be hardly usable
in context of automation. Before the installation of the glove boxes the controlling
options have been reevaluated.
1. According to the technical support of the manufacturer, the easiest way of
controlling the Microlab STARlet is writing a script in either Hamilton Standard Language or using the graphical “Method Editor”. Both components are
available within the factory delivered software.
The generated script is then executed in Hamilton’s runtime environment
HxRun. It consists of a set of sequential commands. Starting the script could
then be realized by invoking it from a control computer’s command line.
However, the script does not return any information until all commands have
been executed. To be able to communicate with the script or the STARlet
itself, one would need to implement an own Component Object Model (COM)
library.
2. Another option is to embed Hamilton’s runtime environment (HxRun) into a
self developed application. In this way, HxRun would not be running as an
own process anymore. Communication with the STARlet would be realized
through an ActiveX object, which allows the starting, pausing and stopping of
scripts.
Once again, the script would not be able to give any feedback during execution
time. To be able to check a status or to realize data exchange, one would need
to rely on the COM library already described in option one.
3. The third and by far most flexible option is communicating with the STARlet
on the machine level. Sending direct firmware commands to the device gives
full control over each function while giving a status feedback on the atomic
level, i.e. after each and every command. This functionality allows complex
operations and interaction with other equipment within the HTT setup.
Direct communication with the device is discouraged by the manufacturer, as
it is regarded as ”highly complex”. On the Compact Disc (CD) attached to this
thesis you will find the documentation of the firmware commands.
When implementing direct machine communication, Hamilton recommends
using the Ethernet based option. The device can be equipped with either a
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Universal Serial Bus (USB) or an Ethernet port. In the initial configuration,
our STARlets have been delivered with USB connection and a computer for
controlling the device. The project manager decided in favor of acquiring an
extension board due to the recommendations made in the context of this thesis.
The controlling of the STARlets will therefore be realized by communicating
with the Ethernet interface.

3.2.4

SCARA Robot - Precise Automation PF400

Figure 3.5 shows Precise Automation’s PF400 SCARA robot, that is installed in Box
2 and Box 3 each. Resembling an arm, the SCARA robot’s axes are named according
to its human counterparts: shoulder, elbow, wrist and fingers. A fifth axis allows to
configure the height of the shoulder, while the sixth one is a linear axis, that controls
the position along the two meter long linear rail.

Figure 3.5 – SCARA Robot: Precise Automation PF400

The robot consists of several special features. It is designed with all controllers
and actuators embedded into the robot arm, taking only the space the robot itself
needs. Furthermore, the robot homes without any motion, thus making it possible
to re-home it in any position imaginable, even when surrounded by obstacles or
when holding an object with its gripper.
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It is designed to be working side-by-side with humans, as it fulfills the force
guidelines for collaborative robots (ISO/TS 15066). The robot stops as soon as it
hits an obstacle. It is designed not to harm anything or anyone even at highest speeds.
Controlling Options
Users of the PF400 have two possibilities of communicating with the robot. It is
equipped with a RS-232 and an Ethernet port that can be controlled as follows:
1. RS-232 and Ethernet: using the factory delivered software, it is possible
to program the robot for predefined motions. Once the command code is
uploaded to the robot, the motion can be started and stopped anytime. This
requires the software to be installed on a computer and for someone to actively
press a start/pause/stop button inside the GUI of the software.
2. Ethernet: another option is to upload a so-called ”TCP command server” to
the robot instead of a software with predefined motions. That command server
will listen on a port of the robot’s network interface for tcp commands. The
command server as well as the available commands are well documented.
A major problem discovered during the integration process of the PF400 was,
that the robot software actually allows motions, that are physically not possible (i.e.
moving the arm through the robot body). After thorough research it became clear,
that there is no additional software available. Thus, an abstraction layer, that checks
for valid input to the robot, has to be developed before being able to use the PF400.

3.2.5

Doctor Blade - Automatic Research Film Applicator

Thin film coating is realized with Automatic Research’s Precision Film Applicator system deployed inside of the liquid handling robot’s working area of Box 2. Figure 3.6
shows the system without applicator. The applicators (universal DB or slot-die) can
be easily exchanged or swapped. This is an important feature for sequential coating
with different materials.
The precision film applicator is relatively small (20x30cm) compared to its
available deposition area (15x15cm). It is designed for minimal heat dissipation,
which is important for the operation in glove box environments. Furthermore, the
precision film applicator is highly configurable:
• coating types (gradient, linear, constant)
• coating speeds (1-100 mm/s)
• hot plate temperature (up to 120°C)
• adjustable applicator
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Figure 3.6 – Doctor Blade: Automatic Research Precision Film Applicator

Controlling Options
Connecting to an Automatic Research Precision Film Applicator is straightforward. A
well documented specification of the Ethernet based communication and command
protocol is available on demand from the manufacturer. The device is controllable
with atomic commands and returns its status upon request.

3.2.6

Plate Reader - Molecular Devices SpectraMax M2e

Figure 3.7 shows the plate reader SpectraMax M2e from Molecular devices. It
is capable of measuring a plate on discrete positions within a predefined raster.
The sample is being inserted into the device and then ”read” in a raster line-wise
column-by-column and then row-by-row.
With a top and a bottom read head the SpectraMax M2e is capable of reading
from two directions. Its main read modes are UV-Visible (Abs) and Fluorescence
Intensity (FI).
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Within the so-called secondary mode it is also possible to assess Glow Luminescence (Lumi) as well as Time-Resolved Fluorescence (TRF). The product’s brochure
gives a detailed look into the internal techniques used for the device.

Figure 3.7 – Platereader: Molecular Devices SpectraMax M2e

Controlling Options
The device is one of the few, that neither has an Ethernet nor an USB port. It can still
be connected to a computer using the RS-232 port. Due to the limited availability
of RS-232 ports in modern computers, a RS-232-to-USB adapter cable (or even a
RS-232-to-Ethernet adapter) can be used to connect it to a computer.
Unfortunately, the communication protocol of the SpectraMax M2e is not documented. This fact permits two options for integration:
1. integrated software: Molecular Devices’ software SoftMax Pro allows for
other Windows applications to communicate with it. A set of commands and
some examples of C++ code are available in the user manual.
2. reverse-engineering the communication protocol: the above approach still
requires a Windows computer that runs SoftMax Pro. However, from a computer scientist’s perspective it is desirable to eliminate that overhead by directly communicating with the device. This could be realized through reverseengineering its communication protocol, which is achieved by listening into
the exchanged messages between SoftMax Pro and the SpectraMax.
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This work will not focus on handling the SpectraMax M2e. This is due to the
above mentioned problems and as other parts of the fabrication line are assigned a
higher priority for integration.

3.2.7

Heat Plate - IKA RET control-visc

As foreseen in the overall fabrication line concept, a number of HPs are drying the
freshly coated layers. The RET control-visc from the IKA-Werke GmbH & CO. KG
has been selected. It is displayed in Figure 3.8. Consisting of an IP426 certified
housing, it is designed to resist spilling of fluids. The two main functions are heating
of materials up to 340°C as well as magnetic stirring.

Figure 3.8 – Heat Plate and Magnetic Stirrer: IKA RET control-visc

Controlling Options
The IKA RET control-visc is equipped with a RS-232 port as well as an USB port.
While the RS-232 port can be directly accessed through a computer’s serial interface,
the USB port requires installing a driver, that creates a virtual serial port interface.
Still, there is no difference in communicating with the device between using the
RS-232 port and the USB interface.
IKA sells ”labworldsoft”, their controlling software for the RET control-visc and
other devices. The communication protocol is well documented, as it is based on
the ”NAMUR recommendations for the design of electrical plug-in connectors for
6

According to DIN EN 60529
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analogue and digital signals in laboratory MSR devices”. Furthermore, the user
manual gives a thorough albeit short explanation of controlling the device.
Two so-called watchdog functions are notable features of the IKA Ret controlvisc’s remote communication. Once watchdog option 1 is activated, the device
automatically ceases all heating and stirring operations, if the command is not
renewed within a preset time frame. Watchdog 2 resets the heating and stirring
options to a configurable preset value, once the already described communication
timeout is reached.

3.2.8

Solar-IV Measuring - i-MEET IV Measurement Unit

One of the main evaluation devices is the self-developed i-MEET IV measurement unit.
A similar device from Automatic Research is shown in Figure 3.9. It is a highly software controlled multi-mode-measurement tool, that allows for different operations.
The main measurement is IV (steady state current-voltage characteristics).

Figure 3.9 – Solar-IV Measuring: Automatic Research TPV/IV Measurement
Unit

Controlling Options
i-MEET has self-developed an IV measurement unit. The version currently used at
the institute has been customized for automated use inside of a fabrication line.
Being equipped with an Ethernet connection and several additional features, it
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allows for an automated evaluation of samples. A well documented specification to
the parameters and status nodes of the device was available for this thesis and the
implementation of it.

3.2.9

Vacuum Coating - Oerlikon Univex 250

Attached to Glove Box 3 is the vacuum coating device Univex 250 from Oerlikon.
Figure 3.10 shows it standing alone, just before the glove box system was delivered.

Figure 3.10 – Vacuum Coating: Oerlikon Univex 250

On the left side of the unit there is another airlock, that has been connected to
Box 3 since the picture was taken. The device has a vacuum chamber (27x37x40cm),
that can be used for contact metalization, contrast imaging as well as thin film
evaporation onto solar cells.
Controlling Options
All the components of the device are already integrated by a central controlling
unit. That unit possesses a RS-232 interface to which the manufacturer provided all
documentation necessary for integration.

3.3 Fabrication Sequence
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Miscellaneous Equipment

The fabrication line consists of several other components not mentioned yet. Most
of these parts are of importance to the entire HTT process. However, their relevance
from a computer scientist’s perspective is quite low. A lot of these components do
not need to actively interact in the fabrication process.
Therefore, this work refrains from giving detailed descriptions and rather mentions these devices in a non exhaustive bullet point list:
• substrate inverter
• sample storage unit
• high resolution cameras
• photo station
• network remote power switches
• lightning stripes (LED)

3.3

Fabrication Sequence

After looking at the overall goals of the project and the available equipment, the
fabrication sequence on the example of a printed photovoltaic cell will be explained.
For this section, the previously mentioned Figure 3.2 is referred once more. It shows
the detailed setup of the fabrication line.
The sequence starts with the technicians loading materials and consumables
through the airlock of Box 1 into their workspace. There they optionally can prepare
certain base mixtures and provide them into predefined spots in the liquid handling
robot. The robot itself can also create a set of mixtures according to the desired
deposition and will then move the materials needed for production into an area
reachable by SCARA robot 1 of Box 2.
That robot will transport the items from Box 1 into the working area of the liquid
handling robot in Box 2. This is where the mixture (in other documents referred
to as inks) is applied onto a sample by using a doctor blade. After applying the
mixture, the sample is transported onto a HP for drying. After this process is finished
and the sample has cooled down, it is being moved to the plate reader, where the
freshly applied layer is being recorded. The last step in Box 2 concerning this layer is
taking a picture in the photo station of the current state of the sample. The process
from start until now can be repeated with different materials until the stack of the
photovoltaic cell is completely printed.
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The sample is then moved from Box 2 to Box 3 with the involvement of SCARA
robot 1 and 2. There it is mounted onto a frame, turned upend and inserted into the
film deposition station, where the evaporation process will add the final layer to it.
After that step is completed, the sample is turned into the right position again and
unmounted from the frame. Following up, an IV measurement is being executed,
before the sample is either stored in a storage or moved into the manual working
area in Box 3. This is where the technicians can use the airlock to unload the sample
from the glove box.
A highly detailed flow chart on atomic actions is presented in Section 4.2 of
the upcoming chapter. For this work, the configuration of the experiment has been
restricted to a photovoltaic cell with three printed and one evaporated layer.

Chapter 4

Developed Architecture

After having looked into the fundamental techniques for this work in Chapter 2, as
well as the overall goals and setup of the HTT fabrication line in Chapter 3, this
chapter will present the contributions of this thesis to the project. The work on it
started at a time, when the choice of components for the fabrication line had already
been made. However, this was no drawback, because the project group was primarily
looking for guidance in regards to IT and possible solutions.
This mainly concerned the following points:
1. selection and setup of components that form the base for a highly reliable and
efficient IT system capable to run 24/7
2. design and implementation of an architecture, in order to integrate the selected
fabrication line components into a single centrally controllable and accessible
system
3. advising the project group towards an algorithmic approach for experiment
guidance and the optimization of production runs
Having defined these initial goals, further refinement of the concept was needed.
This was achieved by the use of a standard approach for system design:
Requirements → Design → Implementation → Verification
It started with the initial requirements analysis and technical research as described
in Section 4.1. During that phase it became clear, that complete abstraction of the
fabrication line’s tasks from the overall system design is possible.
Subsequently, the high level architecture shown in Section 4.2 has been designed
and the set up of necessary hardware described in Section 4.3 conducted. This
allowed a full implementation of the design on the prospective environment. A
thorough description of the implementation is then given in Section 4.4.
29
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Requirements Analysis

During the initial assessment of the technical needs and tasks, a top-down approach
has been used. By formulating the overall process and refining it level-by-level
into higher granularity, it was possible to completely focus on the requirements of
i-MEET’s research personnel.

4.1.1

Experiment Workflow

It became clear, that there are going to be several stakeholders involved in the
experiment workflow. The following groups of people destined to work on the
fabrication line could be identified:
• researchers: want to have their experiments carried out with minimum effort
and maximum results. They define the experiments and optimization targets in
a system and let it conduct the experiment. The system then automatically takes
care of all possible processes (i.e. scheduling, production, evaluation), stores
the results in raw and provides post-processed data ready for interpretation
• technicians: the operators of the fabrication line. They monitor the process,
prepare and load all materials needed for production as guided by the system.
Furthermore, technicians unload containers of depleted material as well as
produced samples and conduct some basic maintenance on the fabrication
line components
• administrators/IT specialists: set up and maintain the IT infrastructure. Additionally, they reconfigure the system, when components are added or replaced. Together with the researchers the IT specialists refine procedures and
algorithms for the next experiments. Finally, they carry out some high level
system maintenance
Figure 4.1 shows the experiment and production cycle. Represented by the purple
box, researchers and IT specialists jointly define a research experiment. This starts
with the production procedure and is followed by the aims (i.e. the measured values
taken into account for optimization of future experiments). Additionally, the input
parameter ranges of the procedure are defined and (optionally) an optimization
algorithm can be chosen.
Once the experiment is defined, researchers are independently able to start an
experiment run (represented by the light blue box in the figure above). Usually, they
will configure a set of runs, that might have a slight alternation in parameters. From
the results of these differences in manufacturing options, an algorithm will be able
to calculate an optimum for this experiment later on.
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Figure 4.1 – Experiment cycle of the fabrication line and the personnel involved
with each step

After the experiment has been queued in the system, it will be processed at some
point (as seen in medium blue box). The technicians will provide the fabrication line
with the necessary material and start the production of the sample. Following up,
the sample is measured and stored or brought to one of the airlocks for unloading.
The collected data is transferred into the system, stored for further evaluation and
processed.
The final step of the experiment cycle is the evaluation of results (depicted in
dark blue). Researchers will be able to review the results of their experiment run(s).
The system then suggests further experiments based on the findings of all available
data from the runs of that experiment. If the algorithmic solution does not suit, the
researchers can decline the algorithm’s guess and configure their own parameters.
Furthermore, the researchers should give feedback to the IT specialists to refine the
algorithm.

4.1.2

General System Requirements

During the formulation of the standard operating procedure mentioned above,
several other notable requirements towards the system were discovered:
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• high operational availability: outages of the HTT fabrication should not be
caused by a failure of the IT system. Therefore, long-lasting hardware made
for non-stop operation should be utilized. Additionally, all software developed
or deployed should fulfill technical requirements to ensure a secure and stable
operation
• flexibility for extension: any setup of components, as described in Chapter 3,
is going to be subject to change. The to-be-designed system shall reflect
extensibility in regard to the exchange, addition or removal of any components
currently planned
• exchangeability of elements: in addition to the exchange of components
of the fabrication line, it is important that they can be replaced by similar
products from other manufacturers
• platform and time independent experiment management: researchers shall
be able to view the results of their experiments and trigger new runs at any
time and from any location (i.e. from home, their workplace or from a business trip). A distinct software should not be necessary to perform any of the
mentioned operations
• scalability: the project group foresees to duplicate the fabrication line, which
is subject of this thesis, in order to set up further measurement setups for other
projects. Specific plans towards upscaling will be made as soon as this line
runs with high reliability and good throughput. Still, the first steps towards
controlling several fabrication lines have to be taken within this work
• exchange of data with partners: i-MEET is planning to expand the exchange
of measurement data with partners. This point will be a task of the future, still
the general possibility has to be taken into account, when planning systems
and networks
• system and data security: parts of the IT system will be exposed (see platform
and time independent experiment management). It is therefore necessary to
protect the system against common threats and attacks from the Internet while
still making it available to it with state-of-the-art technology. Furthermore,
precautionary measures for safeguarding experiments or results have to be
taken (i.e. by restricting physical access to the IT components)
It has to be noted, that each sample will not only hold one experiment but rather
an array of 10x10 samples. However, for the sake of an easier understandable text
within this work, each sample will be treated as an individual experiment. Therefore,
no further elaboration on samples with N experiments will be conducted in this
chapter.
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All of the above mentioned factors have been taken into account in the system
design coming up in the next Section 4.2. In preparation for a test production run
of the fabrication line, the sequence of one experiment type has been defined. The
test experiment (photovoltaic cell with four layers) has been discussed and sketched
in collaboration with the project group.
Figure 4.2 shows a detailed flow chart of the production and evaluation run
of a printed photovoltaic cell. As already described, it will be used as the basic
experiment during the testing and debugging phases of the fabrication line. Yet, the
chart will not be explained in detail, as it would be going beyond the purpose of this
chapter.
This flow chart will help to create the first experiment and will set the focus
accordingly.

4.2

System Design

After having conducted a thorough assessment of the needs and requirements of the
HTT project group, the conception of a system was started. It is designed in such
way that it would be able to fulfill the previously defined conditions. Right away it
became clear, that there will be the following three major entities in the design of
the system:
• controlling system: an entity that is able to control all the components (hereinafter: units) of the fabrication line. This Unit Control System (UCS) would
have to be placed next to the units it controls and therefore have a low footprint
in regard to heat dissipation. Hence, it will not be able to conduct any complex
calculations
• server: algorithmic computations perform significantly better on platforms
(hardware and software) that are specially designed for them. The calculations
will mostly give the researchers suggestions for future experiment runs. Furthermore, the whole scheduling of a simultaneously used distributed system
will have to be computed. In the setup this is being called the Application Logic
(AL). All logic up to the atomic control of the units will be processed in the
AL, then passed to the UCS and from there to the units that are then actually
performing the defined operations
• database: a central storage for all command and control data of the server. It is
very important that experiment definitions, plans and results can be saved and
accessed continuously. A dedicated database system is in many cases favorable
compared to self-implemented storage using files
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Figure 4.2 – Atomic action flow chart of the manufacturing and testing process
of a photovoltaic cell
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Figure 4.3 depicts the setup in an upscaled manner with respect to the requirements defined in Section 4.1. As explained above, the overall system is controlled
by a main service provided by the AL. Its functions are scheduling, controlling and
monitoring the overall operation. Furthermore, it is the central communication hub
and manages most parts of the database.
Connected to the AL are one or more UCSs. These are in fact the links between
AL and the actual units (robots/production devices). One UCS, usually a compact
low profile embedded server, is able to control one installation (fabrication line) at a
time. The UCS has no other purpose but to translate the AL messages to a language
the units understand.
Chapter 3 already introduced the communication abilities of the units. As each of
them makes use of a different proprietary language, the UCS translates the commands
and signals between AL and the units. The communication between AL and UCSs
is established on an Ethernet connection and is realized by exchange of Extensible
Markup Language (XML) messages.
As already mentioned, the subject of accessibility came up during the concept
phase. As production and/or optimization processes might take several days, researchers need to make adjustments anytime and anywhere. Therefore, the system
is administered through a web interface, that is made available in a semi-public area
of the university network. From there, access to the web interface is allowed when
using a secure Virtual Private Network (VPN) connection.
A limited connection to the database and file storage is established through an
Application Programming Interface (API), bridging public (i.e. Internet accessible)
scope with private scope. The API basically provides a limited set of commands, that
may be executed on the database and is the only connection between the fabrication
line and the outer world.
Due to security reasons the system does not allow direct connection from the web
interface to the database or even any entity of the fabrication line. All communication
is facilitated through the API, that may read or write to (parts of) the database.
Changes to the database are signalized through UDF triggers, that invoke a refresh
function in the AL, which then queries the database for changes and reacts on those.
This setup is going to provide the needed separation of data from the ”outside world”
to the internal systems. Again, communication by UDF is established through the
exchange of XML messages.
A thorough description of the implementation of all entities (AL, UCS, database,
API, web interface, API) is provided in the later upcoming Section 4.4.
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Technical Setup

This section describes the technical setup of the IT as well as its management
components and is focused on the infrastructure installed. A lot of the techniques
used here have been adapted from data centers or laboratory setups. The overall
(physical) network setup is displayed in Figure 4.4.

Internet Access
DFN Network
(via University)

Router, Firewall
VPN Gateway

Main Network Switch

Glove Box 1 Switch

Glove Box 2 Switch

Glove Box 3 Switch

Figure 4.4 – Physical Network Setup

Internet access is provided by the University’s Regional Computing Centre and is
integrated into the DFG X-WiN7 network. The downlink is almost unrestricted and
externally reachable, allowing unfiltered configuration of any services imaginable.
The downturn of open Internet access is, that firewalling, intrusion detection/pre7

https://www.dfn.de/en/xwin/
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vention as well as everything else in regard to network security has to be cared for
by the HTT project’s IT specialists.
In order to achieve controlled use of the network-accessible resources, a gateway
including a firewall, routing functions and VPN access is used. This allows the control
of incoming and outgoing network streams, the remote access from home (through
VPN) and the definition of internal as well as external (demilitarized) zones in the
network.
Figure 4.4 shows the main network switch connected to the router. It is also
linked to three switches inside of the glove boxes. All of them are manageable and
equipped with VLAN for virtual network separation and Power over Ethernet for the
supply of electricity to devices (i.e. network cameras, adapters, etc.).
As any electrical device, network switches produce waste heat. Heat dissipation has to be reduced to a minimum, especially within glove box environments.
Therefore, three switches, planned to be placed inside of the glove boxes and with a
very low footprint (84 Btu/h8 ) have been chosen. In contrast and according to the
manufacturer’s technical data sheet [19] the switch used outside of the boxes (1651
Btu/h9 ) is emitting much more thermal discharge.
Moving from physical to logical setup, the planned components described in
Section 4.2 (AL, UCS, database, API, web interface) are referenced once again.
Figure 4.5 shows the logical setup of the HTT project’s IT network and will allow
to move into a detailed explanation of the infrastructure. The diagram shows each
connection, color coded to the used color of the network cable, as well as the given
VLAN id in brackets.
On the left hand side of Figure 4.5 one finds the maintenance/service network. It
allows the configuration of network equipment, while it remains operational as itself
will not be reconfigured under any circumstance. This addresses the problem of
misconfiguration during operation, as the glove boxes cannot be opened and closed
easily due to a mistake by the IT specialists.
On the right hand side of the gateway one sees a VLAN, that hosts all of the
unknown devices connected to the network. Although physical access control is
important for system security, it cannot be assumed. Therefore, any unknown devices
connected to any port of the network are automatically moved into ”quarantine”
and only supplied with Internet access but not allowed to communicate with any
other devices inside of the network.
The big gray block in the middle of the picture represents the server, or more
specifically the virtualized server environment. The assumption was made, that no
matter how powerful the system would be, there would be always computational
tasks (i.e. an algorithm, that would process data during times with low load factor).
8
9

Netgear GS516TP
Netgear GS728TPP
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Figure 4.5 – Logical network setup with VLAN connections and color coding
scheme

Restrictions due to a framework contract of the FAU allowed to chose from Hewlett
Packard’s Proliant series. A DL360 Gen9 server10 has been selected, ensuring a well
suited system for the prospective tasks that is balanced in power and disk space.
As already described in Section 2.5, using virtualization techniques is highly
encouraged in the designated field of work. With expandability in mind, several
free server virtualization environments have been evaluated. The most promising
solution was Proxmox Virtual Environment11 with both container-based as well
10
11

2x Intel Xeon E5-2630, 128 GB RAM, 5.4 TB with redundant power supply
http://www.proxmox.com/
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as full virtualization. Some of the notable features are clustering several physical
servers, migrating virtual machines between hosts while running, etc. A thorough
description of Proxmox has been given by Ahmed in [20].
The server is logically divided into the demilitarized zone (public scope, colored
in red) and a highly access restricted protected area (private scope, in light green).
The former hosts a server instance with the web interface and another one with the
API. Currently the API is as exposed12 to the Internet as the web interface. However,
this will change, once the system is fully operational and all debugging on the API
has been completed.
The only link between public and private scope is the connection between API
and database, whereas the private scope holds the AL instance as well as the video
storage. The latter is connected to the MCC13 and to the network cameras. While
the MCC displays the live video feed, the video storage records and stores it in a
rotating manner (i.e. by deleting older recordings while new ones are stored).
VLAN (30), represented by two lines colored in green, connects the MCC, AL and
UCS. This sub-network is destined to transfer the XML exchange messages between
the entities mentioned. However, the concept foresees no direct communication
between UCS and MCC (no cross-communication, everything is handled by AL).
Finally, the UCS provides the link to the units. As already described in the
previous chapter, most of the devices are only offering USB ports for connection.
According to [21], ”USB 2.0 allows a maximum cable length of 5 meters”. Even
shorter lengths (3m) are recommended for USB 3.0. There are situations, when
the planned setup would exceed this length at least thrice. In the architecture, the
communication through USB has been replaced by Ethernet, utilizing so-called USB
over Ethernet servers. The same kind of devices also exist for RS-232 connections
and have been installed as well.
Also connected to the UCS are several remote power sockets. These are individually switchable through the network and allow for a remote reset of devices without
the need, to actually press buttons on the device or to remove a power cord from
the socket.
Another benefit of making USB, RS-232 and remote power switching available
in the network is the possibility to implement a hot-swappable UCS without having
to rewire any cables.
12
As of date, the gateway does not allow connections from outside the university network into the
public scope
13
Monitoring and Control Center, see Section 3.2
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Implementation of the Management Software

Based upon the requirements defined in Section 4.1 and as shown in Figure 4.3,
the overall system contains five main components: database and file storage, web
interface, AL, UCS and units. To keep this section readily comprehensible, much of
the work that was conducted is left out. The focus is set onto the key functions of
the implementation.
One of the parts this also applies to is the MySQL server instance, that hosts the
database implementation. The visual representation of the design as well as the
database dump can be found on the CD attached to this work. This also includes the
UDF triggers already mentioned in previous sections.
Furthermore, the implementation of the MCC is left out of this section. It can be
regarded as a modified version of a UCS, that has been extended with a GUI as well
as a set of controls.
During the analysis/conception phase an in-depth specification of the central
functions of the software has been created. It can be found in Appendix A.

4.4.1

Web Interface

The architecture foresees the web interface as the central tool for the control and
analysis of the experiments. It provides researchers access to the main functions,
like experiment design, configuration, results, etc.
Web pages are - with the exception of augmentations based on Java Script or
the like - mostly static. This excludes a web interface from being used for the
display of real-time data, as needed i.e. in the MCC. However, the design and
queuing of experiments as well as the display of analyses is not a time-critical task.
It can therefore be provided through a web interface which, referring back to the
requirements, can be accessed from nearly any modern communication device (i.e.
computer, laptop, smartphone, tablet, etc.) and without additional software.
The limited time for completing this thesis led to the need of minimizing the time
spent on actually writing code or configuring systems. The focus was therefore set
on conceptual maturity and finding possible shortcuts during the implementation. It
was important to prove, that the architecture and the concept is operating according
to the specification/design.
One of these shortcuts was the utilization of a standard solution stack for the
implementation of web sites (LAMP14 : Apache 2.4, PHP 7.0, MySQL 5.7). Such
standard solutions have the advantage, that they are highly documented, be it in
literature but also in tutorials or blog/forum posts on the Internet. Furthermore, the
development time has been reduced by acquiring a sophisticated web page template
14

Linux Apache MySQL PHP stack
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online, that delivered the design as well as all necessary user interface elements and
plugins.
From that point on the actual implementation of program code started. Further
increases to development speed have been achieved by writing a Model View Controller (MVC) framework, that is highly based on Object Oriented Programming
(OOP) and is able to automate most of the tasks (i.e. form placement, business logic,
etc.). It is depicted in a simplified manner in Figure 4.6 with a detail to the code
calling structure.

Schema
definition

1.

(model)

Preset
Controller

new schema("user_table",
array(
"id" => "user_id",
"email" => "user_email",
...
)
);
2.
(controller)

class User_table extends
\\Framework\FormController {
public function indexAction() {
$this->model = \\Model\User::getHandle();
$this->view->renderForm($model);
}
}

Automatic
Form
Generation

(view)

<form action="/user_table">
ID: <input name="user_id" />
Email: <input name="user_email" />
...
</form>

Figure 4.6 – Model View Controller framework schematics for a simplified
form delivery and business logic

The functional principle is simple. For each type of instance in the MVC pattern,
one defines a base class, that holds generic code. That code can be easily inherited
(extended) and customized just by the use of a single line of code. In the example
given in Figure 4.6 a model holding the database definition is defined. That schema
allows the controller to automatically create, modify and delete entries. Furthermore,
the model feeds the view with data, while the view holds information about how to
display each field type.
The web interface holds the following pages, listed here independently of the
access permissions of user groups:
• dashboard: provides an overview of the user’s or the system’s tasks as well as
some general data
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• schedule: displays a time line with the current calculated schedule for the
fabrication line divided for each unit
• tasks: a higher-level display of scheduled tasks; especially in the domain of
printed electronics comparable to an overview of the printing jobs queued in
a spooler
• experiments: allows the management of experiments (e.g. definition, configuration, evaluation, reconfiguration, result display, ...)
– this part of the interface allows high modularity. It still requires that IT
specialists implement further modules if other types of experiments are
going to be conducted
– a particularly designed module is the ”stack configurator”, that is used
for the design of experiments based on a stack of printed layers. With
the implementation of this module the base experiment of this work is
being mapped into the system
– experiments sent to the queue for being executed are stored as tasks
in the system. If an experiment consists of a set of single experiments
(i.e. printing N photovoltaic cells with parameter variation) each subexperiment is queued as an individual task
• equipment: shows a chart of the equipment connected to the system
• users: allows user management and access control
• configuration: overall system settings
Programming the web interface has basically been a set of to-be-defined database
queries as well as the implementation of a simple business logic and is therefore not
further elaborated.

4.4.2

Application Logic

The AL is the cornerstone of the HTT project’s IT system. In the center of the architecture, it takes all logical decisions based on user input and abstracts complicated
technology from simple experiments.
One of the crucial points during the planning phase was the selection of the
programming language. The first limitation in choice was based on the availability
of a real-time GUI. This prerequisite ruled out languages like Python, PHP or
Ruby. It was followed by looking into the complexity of the programming language
and its capabilities for object orientation. This restrictions were made with the
assumption, that the project will be continued with the support of other, perhaps not
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so programming prone computer scientists. Eventually, the performance remained
the last factor for consideration. According to [22], where the performance of
C++, C# and Java for numerical methods has been compared, there is no certain
distinction between performances of the Common Language Runtimes Java and
.net. However, native code (i.e. C, C++) is still performing significantly better. The
decision was eventually made in favor of C#. Several code snippets for the control
of units were available. Due to the time saved, the focus during development could
be set onto other parts.
The AL consists of several threads with different functions:
• main thread: controls the overall application and all spawned sub-threads
• network thread(s): handles all incoming network communication, manipulates internal states and the database
• calculation thread(s): zero or more threads to calculate experiment suggestions by using data from previous experiments and applying a previously
selected optimization algorithm
• scheduling thread: calculates a schedule for the tasks queued and triggers
functions in the UCSs according to the schedule. This thread reacts to changing
tasks in the database and can be characterized as an online algorithm
An example can best describe the inner setup of the AL. Once a researcher adds
an experiment through the web interface (and respectively the API), the database
reacts by using UDF triggers to inform the AL with a notification message. This
message is received by the network thread and processed. If relevant, it is forwarded
to the scheduling thread, which then reschedules the internal timetable and thus
keeps an optimum usage of resources.
The scheduling in the current implementation does not support processing multiple tasks in the fabrication line at the same time. It is reduced to sequentially
handling the tasks while only controlling one unit at a time. Further work will
have to look into the possibilities of a more sophisticated scheduling and controlling
algorithm.
An internally available list of UCSs and associated units is kept up to date by both
the scheduling thread as well as the network threads. This list is also exchanged
with the web interface by making it available through the database. The experiment
design in the web interface can then make use of all of the currently available
resources.
After receiving new measurement results, the calculation thread computes new
optimum guesses. These are then made available in the web interface, so that a
researcher can immediately select new experiment runs without the need to wait
for the computation of optimization suggestions.
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Unit Control System

The counterpart to the AL is one or more UCSs. To be able to reuse some of the code
already implemented for the AL (i.e. common code base), the same programming
language has been used for the UCS.
Figure 4.7 shows the working principle of the UCS. An incoming message is
received by the message handler (colored in light red) and queued into priority
queues. The input parameters for the message handler are the ID of the unit the
command is destined for, the priority, the function to be executed by the unit as well
as parameters of that function.
Incoming message

Unit List

Message Handler

1: PF400 (1)

Queue 5 (high priority)
xml_message_request(
unitID,
priority,
function,
parameter[1-N]
)

2: PF400 (2)

Queue 4
Queue 3 (medium priority)
Queue 2

Queue 1 (low priority

class Starlet extends
LiquidHandlingRobot {
protected int state;
public function init() { }

unit_invoke(
unitID,
function,
parameter[1-N]
)

public function moveAxis(
parameter1,
...,
parameterN,) {}

3: STARlet (1)
4: STARlet (2)

...

method_invoke(
function,
parameter[1-N]
)

}

Provided through
loadable DLLs

Figure 4.7 – Inner schematics of the unit control system

The message handler processes the queues first by priority and then internally on
a first-in-first-out basis. Once a message is next in queue for processing, it invokes
the message from a unit list (colored in light blue). The unit list holds a reference of
all the units known to the UCS.
A crucial feature of the unit list is that it allows the dynamic loading of code
for the control of units. This modular design makes the UCS and with it the whole
system extremely flexible for adaption. Code is being inserted into the system by
placing a Dynamic Link Library (DLL) in a special ’module’ folder in AL’s and UCSs’
software folder. Units are registered by adding them in the GUI of the UCS. The
communication system then ensures that the AL is notified about the addition of a
new unit.
Finally, the unit list maps the unit ID to the respective internal representation
(displayed in orange in the figure above). There it invokes a method in the module
by executing the function with its parameters as argument to it. The whole communication chain relies on the concept of RPCs, already introduced in Section 2.7.
The implementation of the module DLLs is based on the information assessed
during the concept phase and described in Section 3.2. An abstraction to the commands provided by the DLL and the ones send out to the unit has been introduced to
ensure that the exchange of a unit from one manufacturer to another can be realized
without needing to change any other part of code in either AL or web interface.
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Communication between AL and UCS

This subsection concludes the implementation section by setting the focus on the
communication mechanism between the AL and the UCS(s). It relies on the exchange
of standardized messages as well as RPCs.
The selection of a communication and data exchange protocol for the system was
influenced by two factors. On one side, the use of common methods or protocols
was important to speed up the development process. On the other side, flexibility as
well as platform and programming framework independence was relevant. After
considering several options, Simple Object Access Protocol (SOAP) and XML-RPC
amongst them, it became clear that a self-written implementation of exchanged XML
messages over TCP was the best option.
Listing 4.1 shows an example for a request message while Listing 4.2 is an
example for a reply message within the framework implementation.
1

<? xml v e r s i o n = " 1 . 0 " encoding ="UTF−8" ?>

2

<httframework>

3

<header>

4

<!−− r e q u e s t / r e p l y −−>

5

<t y p e>r e q u e s t</ t y p e>

6

<!−− p r i o r i t y from 1 : l o w e s t t o 5 : h i g h e s t −−>

7

< p r i o r i t y>1</ p r i o r i t y>

8

<!−− t h e ID o f t h e UCS −−>

9

<u c s i d>15</ u c s i d>

10

<!−− i n c r e m e n t a l number o f t h e message −−>

11

<messageno>283</ messageno>

12

<!−− s e n d e r e x p e c t s r e p l y −−>

13

<e x p e c t r e p l y>1</ e x p e c t r e p l y>

14

</ header>

15
16

<!−− Message r e q u e s t body −−>

17

<m e s s a g e r e q u e s t>

18

<!−− t h e f u n c t i o n t o be c a l l e d −−>

19

<f u n c t i o n>s o m e f u n cti on</ f u n c t i o n>

20

<!−− i n p u t p a r a m e t e r s t o t h a t f u n c t i o n −−>

21

<p a r a m e t e r s>

22

<a>3</a>

23
24
25
26

<b>5</b>
</ p a r a m e t e r s>
</ m e s s a g e r e q u e s t>
</ httframework>
Listing 4.1 – Example of an XML request message from UCS to AL
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Subsequently, the mechanics of an UCS registering to an AL and the AL requesting
information are explained.
• registration: UCSs have to be registered with the AL in order to be recognized
as part of the fabrication line. This is achieved by sending a registration
message. However, this procedure does not apply for the UDFs, as it will only
trigger internal refresh functions inside of the AL
• pinging: Once registered, the UCSs will be queried (pinged) constantly in
predefined time frames to check if they are responsive. If an UCS misses a
certain number of pings, it is removed from the list of active clients. Still, it
can re-register itself to be considered ’alive’ again
• rejection: registered UCSs may communicate at any time with the AL. However, UCSs without valid registration will be rejected
• example: a sample sequence of an AL communicating with an UCS is shown in
Listing 4.1 and 4.2. The procedure is valid vice-versa. Parts of this description
are also displayed in the previously mentioned Figure 4.7.
The AL sends a message to an UCS conforming with Listing 4.1. Upon reception of the message, the UCS follows the process and data flow described in
Section 4.4.3 and invokes the function defined by the RPC from the AL. A
reply message is compiled if the <expectreply>-tag is set and sent back to the
AL, where the result message is processed
It has to be noted, that this communication scheme partly also applies to the
UDF triggers, while registration and responses are omitted there.
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<? xml v e r s i o n = " 1 . 0 " encoding ="UTF−8" ?>

2

<httframework>

3

<header>

4

<t y p e>r e p l y</ t y p e>

5

< p r i o r i t y>1</ p r i o r i t y>

6

<u c s i d>15</ u c s i d>

7

<messageno>654</ messageno>

8

<r e p l y t o m e s s a g e n o>283</ r e p l y t o m e s s a g e n o>

9
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</ header>

10
11

<m e s s a g e r e q u e s t>

12

<f u n c t i o n>s o m e f u n cti on</ f u n c t i o n>

13

<p a r a m e t e r s>

14

<a>3</a>

15

<b>5</b>

16

</ p a r a m e t e r s>

17

</ m e s s a g e r e q u e s t>

18
19

<!−− r e p l y t o a m e s s a g e r e q u e s t −−>

20

<m e s s a g e r e p l y>

21

<t y p e>s t r i n g</ t y p e>

22

<v a l u e>T h i s i s a t e x t t h a t might be t r a n s m i t t e d through &
t h e p r o t o c o l i n r e p l y t o a r e q u e s t .</ v a l u e>

23

</ m e s s a g e r e p l y>

24
25

<!−− ALTERNATIVELY : e r r o r p r o c e s s i n g a m e s s a g e r e q u e s t −−>

26

<e r r o r r e p l y>

27

<e r r o r n o>528</ e r r o r n o>

28

<e r r o r m e s s a g e>Some random s t r i n g .</ e r r o r m e s s a g e>

29

<e r r o r t i m e s t a m p>2016−05−17 21:54:17</ e r r o r t i m e s t a m p>

30

</ e r r o r r e p l y>

31

</ httframework>
Listing 4.2 – Example of an XML reply message from AL to UCS

Chapter 5

Evaluation and Future Work

After the previous description of the implementation phase, this chapter focuses on
the results of this work. The project progress and the evaluation of the implementation is summarized in Section 5.1. Following up, Section 5.2 gives an estimate
of the throughput capacity and highlights the production increase expected, when
moving from manual processing to automation, as described in Section 3.1. Lastly,
Section 5.3 considers future work in the IT part of the fabrication line and gives an
outlook for the HTT project.

5.1

Project Progress

When the project was started in 2015, it was immediately clear, that writing the
concept, acquiring and assembling of components, automating the control as well as
production trials will not be finalized until the end of 2016. Yet, the time frame of
this thesis was limited to six months. Therefore, all the works related to it had to be
finished before being actually able to do a first-time operation run of the fabrication
line. The main reasons for the delay were the long lead times as well as delayed
delivery of components.
At the time when this master’s thesis was finished, all the major components and
the glove boxes had just been delivered but not yet set up. The evaluation of the
IT concept was therefore only possible by testing components separately. This was
conducted on several levels:
• units: the controlling of the major components of the fabrication line through
the implemented software modules was evaluated by adding a GUI to the
existing module code for the UCS and running observed test-cases with the
robots or devices

49

5.2 Estimated Throughput Capacity

50

• information and data processing chain: correctness and functionality of
the communication chain was proven by logging the incoming and outgoing
exchanged messages of each entity (web interface, database (triggers), AL,
UCS). The analysis of collected data then concluded proper implementation
• controlling entities: additionally to the logged messages, the way, how communication is processed, needed to be evaluated. This was achieved by adding
a test extension to the AL and UCS implementation and by semi-automatic
evaluation of sent messages and received response with test-cases
The tests revealed a few minor bugs. However, through evaluation of the overall
implementation, the concept was successfully verified. Further investigation into the
system’s behavior also proved, that even under high loads15 the fabrication process
is being handled instantly, without any delay.

5.2

Estimated Throughput Capacity

To reliably determine the throughput capacity of the developed HTT fabrication line,
one needs to assess the processing times of a single production step and then put it
into the fabrication chain. Already in Section 3.3 of this work, the experiment was
restricted to a 3+116 layered stack photovoltaic cell.
Manual fabrication is limited to the processing skills and speed of the employee
creating the cell. Experience has shown that one person is able to manufacture a
maximum of 10 substrates on a regular workday. Each of the substrate may hold
up to 6 cells. The placement of more cells per substrate is usually not possible due
to the cells becoming too fine to process manually. Considering a set of employees
working non-stop in three shifts allows a maximum throughput of 52,560 cells
(8,760 substrates) per year.
For comparability reasons the same setting as above is assumed (i.e. the fabrication line runs nonstop for a year). However, due to increased precision it is possible
to place 100 (10x10) cells on one substrate. The production time for one cell can
be estimated from the knowledge of manual processing at 50 minutes. That time
consists of 35 minutes for preparation and printing of three layers and 15 minutes
for the evaporation process of the final layer. This yields in a yearly throughput of
10,512 substrates (1,051,200 cells) produced and tested.
Further improvement of throughput can be achieved by parallelizing fabrication
procedures. The basic assumption is, that the only limiting factor for a massively coordinated and parallelized fabrication line is the evaporation process, that is limited to
15
16

tion

simulation with one AL that handles 15 UCS in parallel
3+1: three layers printed, the last layer evaporated; additionally a preprocessed substrate as founda-
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two substrates per hour. This setting results in 17,520 substrates (1,752,000), which
is a 33-fold increase of manufactured and evaluated cells. Table 5.1 summarizes the
figures for processing, distinguished by the type of manufacturing.
Manufacturing
Manual processing
HTT (procedural task processing)
HTT (parallel task processing)

substrates processed

cells processed

8,760
10,512
17,520

52,560
1,051,200
1,752,000

Table 5.1 – Yearly throughput (manufacturing and testing) of the HTT fabrication line compared to manual processing

5.3

Future Work

The current state of the project allowed to complete most of the foundational work
needed to automatize the fabrication line. This section therefore focuses on future
activities and presents ideas, that are the result of the time spent working on the
topic.
• optimization problems: priorities have been set onto automation rather than
optimization of experiments. Moreover, lacking data from experiment runs
(the fabrication line has not yet been set up completely) made it difficult to
implement and evaluate a multidimensional optimization algorithm. Therefore it had to be left out of this work. However, it is a crucial point in the
HTT concept. Section 2.3 has already provided a first view into algorithmic
possibilities for optimization
• extension of modules: the modules for controlling the units have been implemented with basic functionality for operating a limited set of predefined
functions. This however does not reflect the full extent of their capabilities and
limits the use of the components. Further work should improve the available
functions for remote controlling the units
• knowledge database: to further increase the benefit for the research community, provisioning of experimentation result data in a (public) research
database is suggested
• data sources: a part of the concept is the integration of experiment result data
into the optimization problem calculations. There are several other scientific
institutions that are working in similar fields. A combination of measurement
data from external partners could increase the precision of the optimization
algorithm’s suggestions
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In addition to the above-mentioned possibilities for further improvement, the
release of this work as open-source software would be beneficial for the research
community. Due to the genericness of the implementation, other HTT projects can
simply adapt the software without the need of new implementation of components
similar to the web interface, AL, UCS or MCC.
Controlling of units was in parts very complex and furthermore poorly documented. All knowledge gathered within this work can be useful to the scientific
community. It is therefore suggested, that the IT part of this thesis is released under
an open source software license for other HTT or automation projects.

Chapter 6

Conclusion

The concept and the operating principles of the HTT fabrication line for the distributed printing of opto-electronic layers have been explained within this work.
Subsequently, setting the focus on the IT perspective, a concept for controlling and
managing the fabrication line as well as the key elements of the implementation
have been presented.
With 33 times the number of conducted experiments compared to manual processing, the system increases research throughput while eliminating factors like
human error or inaccuracy to a minimum. Refinements of available components
inside of the fabrication line in future work will further increase the number of
experiments per hour.
The realization of an user-friendly centralized control system allows researchers
to focus on their main duties, while a team of technicians and IT specialists are actually operating, controlling and maintaining the HTT fabrication line. Furthermore,
researchers can design experiments in the web interface without knowledge of the
functional principles of manufacturing a photovoltaic cell. The system therefore
fulfills the intended ’simplicity by abstraction’ principle.
A highly modularized IT system sets the foundation for the above mentioned.
The concept presented fosters adaptability, scalability and flexibility through its
design while being geared towards reliability and IT security. Moreover, the generic
approach when designing the system allows, if publicly released, further projects to
benefit from the work conducted.
Future work will focus on algorithmically supporting the researcher in the selection of experiment parameters. Analysis of collected data and mathematical
functions for the solving of multidimensional optimization problems will sustain
this important process. Meanwhile the focus cannot rely on one algorithm but a
selection to be chosen during the definition of the next experiment run.
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Appendix A

System Specification

The following specification has been created during the analysis/conception phase. It
shows the central functions of the implemented software and has been the guideline
for development.

A.1

Web Interface

A.1.1

Overall Features

• Notification system
Notifications informing the user of events related to his defined tasks. Notifications are only triggered by the system, not by other users
• Task process overview
An overview of the most recent/most important tasks scheduled, running or
finished
• Settings
Configuration of personal user settings

A.1.2

Dashboard

• a dashboard as central information hub
• display the most important facts and information for the user
• show the overall system state
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A.1 Web Interface

A.1.3
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Experiment Definition

The experiment definition is left out of this work. It will later be implemented when
the fabrication line is operational. The experiment ’3+1 layered stacked solar cell’ is
hard coded into the system.

A.1.4

Stack Configurator

Special module of the experiment definition. Allows the design of a photovoltaic
cell that consists of a stack of layers. Numerous parameters can be set for each cell
• configure a stack
• select different layer types
• set parameter ranges for each layer
• save configured stack for later use

A.1.5

Tasks

• define printing jobs in accordance to the experiment selected
– create a simple job:
basic printing job
user inputs all necessary parameters, sets possible measurements
and analysis functions on the sample
system prints and measures sample, calculates the predefined analysis, user is notified upon completion
– create an optimization job:
advanced printing job
user sets production parameter ranges, defines measurements and
optimization goals
system proposes experiments
different optimization algorithms for the computation of experiments
can be selected
(semi)-automated continuation of optimization process
• priority definition:
1. exclusive first priority
2. first priority
3. high priority

A.2 Application Logic
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4. normal priority
5. low priority
• task abortion policies:
1. Abort all jobs scheduled
2. Abort the current job(s) in production, discard it/them
3. Abort the current job(s) in production, reschedule it/them
• function for filling idle time of the fabrication line with useful tasks (’continue
optimization over night’)

A.1.6

Equipment

• display all known AL, UCSs as well as units in a hierarchal graphic
• show online/offline status of components
• display/manage stock of materials within installation
• manage stock of materials in a warehouse

A.1.7

Configuration

• configure users
• configure equipment
• configure stack configurator
• configure task settings

A.2

Application Logic

Configuration settings in config.xml:
• identifier: unique (random) identifier, 40 characters long
• mysql:
– host: mysql hostname
– username: mysql username
– password: mysql password
– database: mysql database

A.2 Application Logic
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Start of the AL:
• check if config.xml is set. if not, abort with error message
• check if mysql data is set. if not, abort with error message
• check if file_storage is set. if not, abort with error message
• check if identifier is set. if not, generate by sha1(date %s%3N), save in
config.xml
• check database connection. abort on error.
• check file_storage writeable. abort on error.
• check in mysql.system_configuration if current mysql scheme-version is supported by AL
• check sanity of mysql database scheme
• check if identifier is known in mysql.equipment_al. if not, register AL in mysql
database
INSERT INTO equpiment_al VALUES (”, identifier, al-version, status, statustime)
Triggering of changes from the database to the AL by registering UDF triggers to
MySQL. Functions to be implemented inside of the AL:
• equipment_al_change(equipment_al_id, status)
deactivated, active, fault/need attention
• equipment_ucs_added(equipment_ucs_id)
• equipment_ucs_changed(equipment_ucs_id, status)
activate, deactivate, unreachable, fault
• equipment_unit_added(equipment_unit_id)
• equipment_unit_changed(equipment_unit_id, status)
activate, deactivate, switch off, unreachable, fault
• optimization_data_added
• optimization_data_changed
• task_data_added
• task_data_changed

A.3 Unit Control System

A.3
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Unit Control System

• ucs_register
registers the UCS to the AL
• ucs_inform_offline
informs the AL that the UCS is going offline (e.g. due to a shutdown-command
from the operating system, ...)
• ucs_unregister
removes the UCS and all of its units from AL’s list of registered entities. Triggers
an alarm inside of the AL if it is not able to perform the printing tasks anymore
• ucs_inform_unit_update
informs the AL of a change in connected units, sends the full list of units and
their respective status
• ucs_pong
sends a reply to a ping request to the AL

A.4

Signaling from Application Logic to Unit Control
System

XML based communication. The following signals are defined:
• ucs_ping
simple check if UCS is responding
• ucs_status
get comprehensive UCS status information
• ucs_(robot|liquidhandler|doctorblade|...)_(get|set|action)...(equipment_unit_id, value)
to be refined ...
• unit_ping(equipment_unit_id)
query the UCS check if a unit is responsive
• unit_status(equipment_unit_id)
get comprehensive unit status information

Appendix B

Overview of Fabrication Line Equipment

Table B.1 lists the necessary equipment for the fabrication line. The listing is divided
into categories and components. It displays the selected product as well as possible
alternates. However, it does not raise a claim to completeness.
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Glovebox
Vapor Deposit
Server

Liquid Handling
Sample Storage

Liquid Handling
Sample Storage
Plate Reader
SCARA Robot
Heat Plate
Doctor Blade

Sample Storage
SCARA Robot
Heat Plate
Substrate Upturn
Solar-IV-Measuring

Outside of the glovebox

Glovebox 1

Glovebox 2

Glovebox 3

Sylatech
FUJITSU PRIMERGY RX2510 M2

Alternate 2

Tecan EVO 100
BeckmanCoulter Biomek NX
customized from manufacturers or self-developed

Mbraun
Mbraun MB ecovap
Lenovo x3550 M5

Alternate 1

customized from manufacturers or self-developed
Precise Automation PF400 Universal Robots UR10 Bionic Robotics BioRob
IKA RET control-visc
customized from manufacturers or self-developed
customized from manufacturers or self-developed

Tecan EVO 100
BeckmanCoulter Biomek NX
customized from manufacturers or self-developed
Molecular Devices M2e
Tecan infinite m200
Biotek Synergy H1
Precise Automation PF400 Universal Robots UR10 Bionic Robotics BioRob
IKA RET control-visc
AR Doctor Blade
-

Hamilton Starlet

Hamilton Starlet

GS Glovebox
Univex 250G
HP ProLiant DL360 G9

Selected Product

Table B.1 – Overview of fabrication equipment divided by category and listing alternates to the selected product for the setup

Component

Category

B Overview of Fabrication Line Equipment
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Appendix C

Compact Disk

The CD attached to this page holds this thesis, its source files as well as the figures
and references used. Furthermore, the source code of the implementation of the
HTT project is available on the CD.

(attachment)
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List of Abbreviations

AL

Application Logic

API

Application Programming Interface

CD

Compact Disc

COM

Component Object Model

DB

Doctor Blade

DFG

German Research Foundation

DLL

Dynamic Link Library

ETL

Electron Transport Layer

FAU

Friedrich-Alexander University Erlangen-Nürnberg

GA

Genetic Algorithm

GUI

Graphical User Interface

HP

Heat Plate

HTE

High-Throughput Experimentation

HTL

Hole Transport Layer

HTT

High-Throughput Testing

i-MEET

Institute Materials for Electronics and Energy Technology

IT

Information Technology

MCC

Monitoring and Control Center

MVC

Model View Controller

OOP

Object Oriented Programming

PCE

Power Conversion Efficiency

PLC

Programmable Logic Controller

RPC

Remote Procedure Call

SCARA

Selective Compliance Articulated Robot Arm

SOAP

Simple Object Access Protocol

SQL

Structured Query Language

TCP

Transfer Control Protocol

UCS

Unit Control System

UDF

User-Defined Function

USB

Universal Serial Bus
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C Compact Disk
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VLAN

Virtual Local Area Network

VPN

Virtual Private Network

XML

Extensible Markup Language

ZAE Bayern

Bavarian Center for Applied Energy Research

List of Figures

2.1 Operational principle of a printed polymer photovoltaic cell . . . . . .

5

2.2 Virtualization: migrating individually used resources towards a jointly
used resource pool . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .

9

3.1 Simplified system setup of the HTT fabrication line . . . . . . . . . . . 15
3.2 Detailed system setup of the HTT fabrication line . . . . . . . . . . . . 16
3.3 Glove Boxes: GS Glovebox MEGA Line during setup . . . . . . . . . . . 17
3.4 Liquid Handling Robot: Microlab STARlet . . . . . . . . . . . . . . . . . 18
3.5 SCARA Robot: Precise Automation PF400 . . . . . . . . . . . . . . . . . 20
3.6 Doctor Blade: Automatic Research Precision Film Applicator . . . . . 22
3.7 Platereader: Molecular Devices SpectraMax M2e . . . . . . . . . . . . . 23
3.8 Heat Plate and Magnetic Stirrer: IKA RET control-visc . . . . . . . . . 24
3.9 Solar-IV Measuring: Automatic Research TPV/IV Measurement Unit . 25
3.10 Vacuum Coating: Oerlikon Univex 250 . . . . . . . . . . . . . . . . . . . 26
4.1 Experiment cycle of the fabrication line and the personnel involved
with each step . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 31
4.2 Atomic action flow chart of the manufacturing and testing process of
a photovoltaic cell . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 34
4.3 Architecture Overview . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 36
4.4 Physical Network Setup . . . . . . . . . . . . . . . . . . . . . . . . . . . . 37
4.5 Logical network setup with VLAN connections and color coding scheme 39
4.6 Model View Controller framework schematics for a simplified form
delivery and business logic . . . . . . . . . . . . . . . . . . . . . . . . . . 42
4.7 Inner schematics of the unit control system . . . . . . . . . . . . . . . . 45

64

List of Tables

5.1 Yearly throughput (manufacturing and testing) of the HTT fabrication
line compared to manual processing . . . . . . . . . . . . . . . . . . . . 51
B.1 Overview of fabrication equipment divided by category and listing
alternates to the selected product for the setup . . . . . . . . . . . . . . 60

65

List of Listings

2.1 Example of the adding of a MySQL UDF . . . . . . . . . . . . . . . . . . 11
2.2 Example of calling a MySQL UDF . . . . . . . . . . . . . . . . . . . . . . 11
4.1 Example of an XML request message from UCS to AL . . . . . . . . . . 46
4.2 Example of an XML reply message from AL to UCS . . . . . . . . . . . 48

66

Bibliography

[1]

Key World Energy Statistics 2015, International Energy Agency (IEA), 2015.

[2]

W. Maier, K. Stöwe, and S. Sieg, “Combinatorial and High-Throughput Materials Science,” Angewandte Chemie International Edition, vol. 46, no. 32,
pp. 6016–6067, 2007.

[3]

D.-Z. Du and P. M. Pardalos, Handbook of Combinatorial Optimization: Supplement Volume A. Springer, 2010.

[4]

T. Stubhan, “Controlling the Electronic Interface Properties in Polymer-Fullerene Bulk-Heterojunction Solar Cells,” PhD thesis, Friedrich-AlexanderUniversität Erlangen-Nürnberg, 2014.

[5]

F. C. Krebs, “Fabrication and processing of polymer solar cells: a review of
printing and coating techniques,” Solar energy materials and solar cells, vol.
93, no. 4, pp. 394–412, 2009.

[6]

H. F. Dam and T. T. Larsen-Olsen, The layer stack - Technical University of Denmark, Dept. Energy Conversion & Storage, http://plasticphotovoltaics.

org/lc/lc-polymersolarcells/lc-layer.html, Accessed: 2016-06-27.
[7]

W. Cai, X. Gong, and Y. Cao, “Polymer solar cells: Recent development and
possible routes for improvement in the performance,” Solar Energy Materials
and Solar Cells, vol. 94, no. 2, pp. 114 –127, 2010.

[8]

R. M. Karp, “On-Line Algorithms Versus Off-Line Algorithms: How Much is It
Worth to Know the Future?” In Proceedings of the IFIP 12th World Computer
Congress, vol. 1, Amsterdam, The Netherlands: North-Holland Publishing Co.,
1992, pp. 416–429.

[9]

W. H. Press, S. A. Teukolsky, W. T. Vetterling, and B. P. Flannery, Numerical
Recipies - The Art of Scientific Computing. Cambridge University Press, 2007.

[10]

S. Curtarolo, G. L. Hart, M. B. Nardelli, N. Mingo, S. Sanvito, and O. Levy,
“The high-throughput highway to computational materials design,” Nature
materials, vol. 12, no. 3, pp. 191–201, 2013.

67

Bibliography
[11]

68
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