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The European Materials Research Society, E-MRS,
was founded as an independent non-governmental, non-
- M R S profit making scientific association in 1983. Currently

E-MRS consists of over 3,000 individual materials scientists
and technologists from academia and industry. The E-MRS
differs from many single-discipline professional societies as

EUROPEAN MATERIALS it encourages scientists, engineers and research managers

RESEARCH SOCIETY  to exchange information on a very wide interdisciplinary
platform which covers the full spectrum of the applications

of advanced functional materials.

The society organises the largest international materials conferences on advanced func-
tional materials held in Europe to focus on new research findings in all areas of materials appli-
cation. The two annual conferences, which are of major international significance, present over
30 scientific symposia and attract over 3,000 world recognised scientists from over 70 coun-
tries. One of the Society’s major aims is to promote the transfer of technology from the findings
of academic research to productive industry in an attempt to ensure that Europe continues to
have a leading role in the world of scientific manufacture.

The Society frequently organises and hosts major industrial meetings and workshops to
address the new challenges for materials research and development. It was this area of interest
that led to the Society and the American and Chinese MRS jointly organising the first World
Materials Summit, which was hosted by E-MRS in Lisbon in 2007, under the auspices of the Por-
tuguese Presidency of the EU. The summit focused on the topics of Energy Needs and Climate
Change, Mobility and Future Energy Supply. The success of this summit initiates a follow up of
the summits: Shanghai (2009) and soon Washington DC (Sept. 2011)

Recognising that finding solutions to many of the challenges facing the world require
scientific breakthroughs by materials scientists the Society saw the need for Furopean research
to be better coordinated and for the materials community to speak with one voice to the deci-
sion makers. To this end E-MRS was instrumental in establishing the European Materials Forum
(EMF) through which action was initiated which led to the formation of the ESF MatSEEC (Ma-
terials Science and Engineering Expert Committee). Europe is rather efficient in the fundamen-
tal aspects of R+D (31% of the world patents) but very poor in transforming this advantage into
an innovative industry. E-MRS tries to contribute to the innovation in Europe.

Recently E-MRS has presented an alternative strategy to CCS for combating CO, emissi-
ons to the STOA panel of the European Parliament. The intention would be to recycle CO, by
reducing it to methane or methanol using hydrogen. This topic is one of the many subjects
addressed in this report on Key Enabling Technologies for the European Commission. Sugges-
tions have been made to the European Parliament how to bring together public research and
industries in specific fields.

The members of the Furopean Materials Research Society were very pleased to take an
active role in the preparation of this wide ranging report and express the hope that the con-
cepts presented will enable the Commission to take decisions which could be of significant
benefit to the future economy of Europe.
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1 Executive Summary

Europe and the entire world face a number of challenges which call for both immediate
as well as medium term actions. The European Commission has identified these problems and
has suggested focussing, within the upcoming Common Strategic Framework for EU Research
and Innovation funding, on initiatives which will strengthen in particular innovation aspects. A
number of so-called key enabling technologies which are of paramountimportance to achieve
the goals for strengthening innovation in Europe have been identified. At the same time it is
clear that true innovation is often based on basic research and thus a strong research base has
to be maintained and further developed in Europe.

The key enabling technologies (KETs) recommended are: Advanced Materials, Photo-
nics, Nanotechnology, Biotechnology, and Micro-and Nanoelectronics and as a cross cutting
KET Advanced Manufacturing Systems. These KETs are not only interlinked but are all based
on further progress in materials development. Thus materials science and engineering plays a
crucial role.

In addition to these five KETs, E-MRS and MatSEEC have identified the key role of energy.
Providing sufficient energy with an acceptable ecological impact in Europe as well as globally is
one of society’s key challenges which, in view of the threat of climate changes has to be solved
with utmost priority. Efficient energy production, conversion and storage are major objec-
tives for Europe. Europe needs supreme efforts in both basic and applied research of new
materials as well as in engineering for a lasting impact on our daily life. By this means the em-
phasis has to be on sustainable energy resources such as wind energy, energy gained by exploi-
ting tidal forces, photo-thermal conversion and photovoltaics. In order to achieve an efficient
conversion of natural sources into electric energy, not only novel materials and material com-
binations are needed, but also their structural and electronic properties have to be understood
and optimised. As an example, we mention wind turbines, which have to have proper fracture
strength and toughness in addition to superior aerodynamic properties. It is suggested that the
electric energy produced by these novel techniques should be mainly stored as electrochemical
energy. For such storage devices catalytic reactions and thus surface and interface phenomena
play a key role. Carbon dioxide is seen as providing new opportunities for the development
of an innovative industry capable of large energy storage by replacing carbon fossil fields.
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Our daily life is now no longer imaginable without facilities like lap-top computers, mobi-
le phones, smart-phones, etc. However, all these depend on batteries for the delivery of electric
energy. Though the most powerful are Li-ion batteries they nevertheless sustain only a certain
number of loading cycles before they fail due to thermal expansion during loading. Better elec-
trodes for such batteries are therefore urgently needed. There are good reasons to believe that
these improvements will be due to nanotechnology.

Micro- and Nanoelectronics is without any doubt the key enabling technology. Due to
the technological and economic importance of electronics, almost all industrial areas depend
to an increasing extent on the progress of electronics. Data storage, data transfer and tele-
communication are only a few examples. But areas such as control applications in production
facilities of automotive and aerospace space industries as well as household appliances, etc.
need micro- and nanoelectronics for their functioning too. It is also worth mentioning that
with shrinking dimensions of basic elements, quantum mechanical phenomena will play an
increasing role, and must be considered when designing future electronic devices.

The field of Photonics is another area, which is considered to become a mainstream
technology of the 21t century. Photonic elements, which convert electric signals into light and
back into electric signals, are nowadays used e.g. for data transfer over long distances. In the
future they will also be used for short distance data transmission e.g. within circuit boards and
processors, and will thus in this way increase the data transfer rates within the Terabit/s ran-
ge. Furthermore, apart from information and communication, photonics will change electric
lighting as well due to the increasing use of light emitting diodes. Moreover, photonics has an
enormous potential for industrial manufacturing through the use of high power lasers, and will
have a strong impact on life and health sciences.

Biotechnology is another rapidly expanding field with great impact on areas such as
healthcare, where targeted drug delivery is one of the aims, or for daunting analytic tasks like
single molecule analysis. This field will benefit from recent advances in nanotechnology such as
lab-on-a-chip systems, which can analyse with micro-fluidic methods and sensors consisting,
e.g., of nanowires by using much less available volumes than conventional techniques. In ad-
dition, nanostructured sensors will be a great deal more sensitive than bulk sensors because of
their much larger surface/volume ratio.

In the following chapters a detailed analysis of the five KETs and their role in solving the
main challenges is presented by starting with an analysis of the present situation and then
following up with suggestions and an outlook for the future. Below, we summarize a number
of key recommendations:

® |nsome areas of micro- and nanoelectronics (MNE) Europe is still leading. Among those
are power electronics, high frequency devices, and micro and nano-electromechanical
systems (MEMS and NEMS). In order to keep and strengthen this position it is of utmost
importance that a proper wafer production is available in Europe. All possible efforts
must be made to take part in the upcoming transition to a technology based on 450 mm
wafers and not to restrict future activities to centres and companies performing design
and simulation only.
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e FEuropeisleading in computational materials science worldwide. State-of-the-art multi-
scale modelling of the relation microstructure - properties is needed both for the un-
derstanding as well as the design of different types of advanced materials. Modern pre-
dictive materials modelling will be of key importance for European industry and in this
respect the technology transfer to industry needs to be vigorously pursued.

e In the field of advanced materials it will be necessary to strengthen approaches to the
rational design of advanced materials and their integration into structures and systems
It is therefore imperative to further support the expertise gained in hybrid materials, to
integrate concepts of green chemistry and biotechnology in materials design and pro-
duction, and to anticipate and control better the performance of materials during their
entire life cycle.

e Due to promising applications in the field of nanotechnology it is mandatory to further
develop this technology in areas such as energy, nano-bio applications, healthcare, se-
curity, etc in Europe.

e Inorder to exploit fully the breakthroughs offered by nanotechnology a European open
access centre for nanofabrication should be created offering state of the art materials
processing and characterisation facilities with strong links to industry.

e Carbon dioxide can be used as a raw material for electrical grid regulation and for the de-
velopment of a new industry based on its recycling. In order to do this close cooperation
between research centres and industries on this issue should be facilitated.

In conclusion, this document also underlines the necessity to strengthen innovation in
Europe by creating innovation incubation centres in the form of private-public infrastructures
with participation of universities, research centres and industries in several well chosen strate-
gic fields, which are of interest for the European industry.
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2 The Global Market and the EU Position for each KET

The history of science contains many examples showing how important it is for resear-
chers to have strong will and perseverance in order to achieve the objectives they have set
themselves. This is particularly true of materials science in view of the fact that material science
and engineering is a multidisciplinary area that strongly interacts with technology. Materials
science and engineering is also a well-recognized discipline with its dual grounding in basic
science and engineering. As such, it plays a crucial role in many aspects of human activity in-
cluding interactions with living environments and communication. Materials science develops
new-generation energy technologies such as solar cells, as well as provided faster and more
reliable means of communication through new electronic, optical, and magnetic materials.

It comes as no surprise then, that the history of materials science is highlighted by exis-
ting and often unexpected developments, which were not foreseen, for example, by classical
roadmaps.

Following a process that identified the Key Enabling Technologies (KETs) from the Euro-
pean perspective, the European Commission set up a High Level Group that officially started its
work on July 13,2010 focussing on the five KETs which have a high impact in terms of market
size and growth potential /EC1, EC2/.

e Nanotechnology has a global market estimated to US$ 147 bn in 2007 with the pre-
diction to grow, in most optimistic assessments, to USS$ 1 or even 3 trillion by 2015. The
market share is dominated by the US (40%), followed by Europe (31%).

® Micro- and Nanoelectronics worldwide market was valued at US$ 261 bn in 2008. Elec-
tronic data processing and the telecommunication sector are the largest markets for
microelectronics. However, semiconductor components are rapidly penetrating in au-
tomotive, medical, industrial or consumer market. The automotive sector in Europe ac-
counts for a larger proportion of microelectronics sales (19%) than it does in the rest of
the world as a whole (8%).

e Photonics global market for optoelectronic components was worth US$ 356 bn in 2008
and is expected to grow at an annual rate of 3.1% up to 2020. The EU has strong positions
in many photonic applications such as solid state lightening (e.g. LED), solar cells, and
laser assisted manufacturing.

e Advanced Materials and materials innovations are an important element in practically
all manufacturing industries. Markets are expected to offer an additional volume within
the EU of € 55 bn over the next 5 to 7 years with considerable potential in the areas of
energy (€ 19 bn), environment, health, transport and information and communication
technologies (ICT).

e |Industrial biotechnology is defined as the application of biotechnology for the indus-
trial processing and production of chemicals, materials and fuels. The global enzyme
market was worth about € 2.1 bn in 2008 and Europe is the world leader in key industrial
technologies such as enzyme technologies and fermentation.




Materials are present in all five KETs as they underpin their progress either directly or in-
directly. In addition, it has been recognized that, “KETs such as new materials for energy produc-
tion, transportation and storage play an essential role’, but have not been explicitly included as
a KET /EC2/. Energy and materials have a continually and mutually enriching relationship since
materials are used to harvest energy or enable energy to be transformed into useful forms
/MRS1/. For this reason, in this document, “Materials for Energy” are addressed in a separate

chapter.

Figure: 2.1
The Electronics Ecosystem

Figure: 2.2
The Photonics Ecosystem
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3 Advanced Materials

Progress achieved in most technologies is closely related to progress in advanced ma-
terials. Examples, with different though systematically significant impact on societal needs, are
energy related technologies (production, management such as lighting or heat conversion,
storage and transformation), health technologies (including biomaterials and substitution de-
vices), industries of the (micro-)electronic sectors, transportation (especially automotive and
aeronautic), space, housing and civil engineering, production and construction technologies
in general, sport and clothing. This relationship results from the nature of materials science, an
inherent interdisciplinary field, coupling fundamental research with engineering, and within
which base knowledge is intimately related with technology. It is also the output of progress
made in physics, chemistry and engineering, and particularly because of the interactions
among these three large sectors.

In the long term, four main directions should be supported because they correspond
either to radically novel approaches in advanced materials design or to a societal expectation.
These four directions potentially concern all classes of materials and are:

® Research on new advanced materials with novel or improved properties.

e Development of rational approaches in the design of advanced materials or in their inte-
gration into structures and systems.

e Inspiration by nature: promotion of eco-design, bio-inspiration and the use of natural
materials.

e Anticipation and control of the performance of materials during their life cycle, including
smart structures allowing for self-sensing and self-healing.

3.1 Research on New Advanced Materials with Novel or Improved Properties

In all industrial sectors, it is necessary to incorporate new functionalities into “classical”
materials (e.g., ceramics, metals, textiles, paper, building and construction, etc.) to give them a
higher added value. One example is single-crystalline materials with controlled defects. How-
ever, beyond such incremental, though necessary progress, spectacular advances have been
reported over recent years on the discovery of materials with new functionalities and/or with
a wide spectrum of properties induced by the nanostructuring of matter. Such new families
include hybrid materials at the frontier between organic, bio- and inorganic worlds; divided so-
lids with large specific surface areas, including mesoporous materials; novel carbon materials;
memory shape materials; metamaterials etc.

Many of these materials with specific properties condition the tuning and the breakt-
hrough of innovative applications: membranes for separation processes, organic or thin film
photovoltaics, functional polymers for flexible electronics, materials and devices for molecular
photonics and photostable storage, thermoelectric materials at high and medium tempera-
ture, super isolating materials, cores of fuel cells, electrodes for all-solid batteries, molecular
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footprint materials, barrier polymers for packaging, shock resistant polymers, intermetallics
with magnetic, electric, thermal, surface properties. These materials are particularly interesting
for their combination of properties: complex metallic alloys, multiferroics, thermochromes,
magnetochromes, etc.

In addition to the development of “materials for..." (a specific application), research on
entirely new materials should be maintained and further developed. Recent examples are the
iron based pnictides to be used as high temperature superconductors, developed in Japan.
/KAM/.

The aim of this activity is to design and to synthesize or to process new phases and no-
vel atomic architectures to be used as an upstream reservoir which will feed future families of
“materials for...” The following recommendations are provided:

e Encourage, maintain and recognize uphill activities on the synthesis of new compounds,
complementary to the activities on materials for targeted applications

e Develop adapted processes for the fabrication of such materials.

® Bring to the knowledge of industry the original developments in the field of new
compounds (to become new materials) which by nature are yet not included in
industrial development

3.2 Development of Rational Approaches in the Design of Advanced Materials
or in their Integration into Structures and Systems.

Materials have long been simply transformed matter which should fulfil a main required
function. Future materials and/or material systems should fulfil multi-criteria specifications and
therefore they will be multifunctional. Multifunctionality is often obtained from the coexistence
within the material of a set of properties which are distributed at different scales. Such evoluti-
on of the materials research towards an optimized design on demand is a new challenge which
cannot be faced by using a blind process. It can only be achieved through:

(i) detailed insight into the mechanisms which control the properties,
(i) a priori modelling of the expected properties,

(i) the systematic use of the possibilities offered by the combination of different
classes of materials,

(iv) consideration of the potential presented by the variety of forms and architectures
of a material, and

(v) the adjustment of the properties of the interfaces. This new challenge will also
require the development of new techniques for materials processing or shaping
and for disassembling in order to improve recycling.
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Some industries, e.g. transportation, require technological breakthroughs; based on
equivalent performance, they would allow structures weight reduction and, extension of life-
time in specific operating conditions. In contrast, other sectors like the one of production of
energy require devices that can operate in more severe conditions, under complex dynamic
loading, under pressure or in vacuum, at high temperature or in cryogenic cooling, in corrosive
atmosphere, etc. In these sectors in particular it is important to favour research in metallurgy
taking into account expressed needs in the field of production of electricity by nuclear power.

When advanced materials are to be integrated into devices, such integration should be
optimized considering interrogation and detection procedures, manufacturing and processing
in given forms, integration with other materials.

The following recommendations are provided:
® Develop new approaches in materials design

e Develop the use of "numeric material”and confront the approaches developed for
different classes of materials

e Develop integration processes/systems for a successful and profitable use of the
material’s functionalities

e Develop instrumentation for materials characterization: micro- and nanostructure,
properties and performance in anticipated operating conditions. Include, techniques for
the in situ characterization of materials during their processing and the continuation of
the development of knowledge and of the use of large equipments (neutrons,
synchrotron radiation)

e Reinforce research at the interface among materials chemistry - materials physics
and engineering

3.3 Inspiration by Nature: Promotion of Eco-Design, of Bio-Inspiration
and of the Use of Natural Materials

This direction corresponds both to radically novel approaches in advanced materials
design and to a societal expectation. It promotes inspiration from natural materials and from
processes nature uses for their fabrication. Efficiency of such materials, such as bone or wood,
is based on their topological and structural organization (hierarchy) at different scales: nano-
metre, micrometre and, most often, millimetre. Consequently, the objective is to design and to
develop materials or components by modifying architecture, topology and length scales so as
to give them the required functionalities.
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Environmental constraints (e.g. those requesting clean and secure processes), objectives
of sustainable development (e.g. those targeting suppression of over mining of raw materials)
and the increase of the cost or of the accessibility of raw materials and their transformation in
terms of energy consumption are prevailing conditions in industrial countries and in EU in par-
ticular. It is thus necessary to develop novel axes of research, based on eco-design, which call
for renewable resources especially for the production of large diffusion materials, e.g. plastics.

The following recommendations are provided:

® Better integrate the concepts and the objectives of green chemistry and white
biotechnology in materials design.

e Optimize processes for the fabrication of materials and life cycle of systems.
e Build alternatives to materials produced from raw materials with reduced availability.

® Integrate a systemic approach in the design of new products, taking into account
environmental and societal aspects

® Research processing technologies for large diffusion materials like plastics, compatible
with the objectives of sustainable development.

3.4 Anticipation and Control of the Performance of Materials during their Life
Cycle, including Smart Structures allowing for Self-Sensing and Self-Healing

Society legitimately imposes a high security level for all devices used by mankind. This
requires being able to understand and control the behaviour of the materials used during their
lifetime. Controlling materials lifetime involves three important aspects:

e Adjustment of material’s lifetime to its usage. Materials should be designed in such a way
that their cost is adapted to the needs and particularly to the lifetime of the device which
they are part of. Also the amount of used materials should be mitigated and materials
should be recycled according to sustainability and efficiency principles.

e Prediction of the behaviour of the materials in durations which are experimentally in-
accessible. This question concerns an increasing number of applications, especially in
aeronautics and nuclear energy. It requires developing modelling and simulation tools
which are able to provide complementary information to accelerated experiments,
when possible.
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e Determination of the remaining lifetime (remaining potential) as a function of the aging
process experienced by the material during its use. It is convenient here to distinguish
between batches of pieces, and systems and structures. In the first case, the evaluation is
realized a priori by statistical analysis, the distribution width of which should be reduced.
In the case of systems and structures it is necessary to dispose of non-destructive con-
trol coupled with identification models and precursor events. Precursor events are to be
introduced in parts where aging signs are easily identified and quantified as, for example
in intelligent structures.

The following recommendations are provided:

e Observe and detect aging. Develop instrumentation, measurement facilities,
probabilistic approaches, stochastic processes of deterioration.

e Design smart structures allowing for self-sensing (warning) and self-healing; integrate
these concepts together with those of sensors and actuators within the same material.

As in the case of the four other KETs, new advanced materials should be processable in
the targeted forms. To achieve this, it is mandatory that progress in materials design with regard
to more complex and strict specifications should be completed by both new and improved
production technologies. Such technologies, incorporated in production lines, should particu-
larly aim at reducing the production costs (e.g. by net shaping); at maintaining and if possible
at decreasing the energetic cost; and at minimizing the impact on the environment (e.g. by
favouring low temperature and solvent-free synthesis). Such new and improved processing
technologies may incorporate lasers, plasmas, ultrasounds, supercritical fluids, soft chemistry,
spark plasma sintering or surface treatments. Up scaling of these processing technologies for
mass production is another important issue in this respect: laboratory scale processing tech-
nigues should be designed in view of the pilot scaling.

In some cases, process intensification and security requires down scaling and parallel
operation.

The parameters of a fabrication process are numerous and often coupled among them.
The investigation of their influence requires extensive experimentation. Modelling, simulation
and high throughput (e.g. combinatorial) tools are strong supports for such developments.
It should be recalled that development of new synthesis/manufacturing equipment requires
considerable funding. This funding necessity should be satisfied as is the case of funding for
large facilities for characterization and testing (synchrotron, neutrons, etc.).
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The following recommendations are provided:

Improve existing, and develop new processing, assembling and transformation
technologies adapted to the manufacturing of advanced materials and to their
incorporation into systems.

Design laboratory scale processing technigues in view of the pilot scaling

Integrate processing aspects in materials design and selection.

Ensure development, transfer from academia to industry, and funding of new
synthesis/manufacturing equipment.

All materials involved in the above items should contribute to sustainable development.

This will be achieved by applying life-cycle design of end products aimed at reducing environ-
mental impact. In addition to the previously presented requirements, reduced environmental
impact is obtained from materials that contain abundant, accessible and less hazardous subs-
tances and present high resource productivity and low ecological rucksack.

3.5

Advanced Functional Materials

3.5.1 Prospects of Inorganic Materials for Photonics and Energy

In order to improve already existing and develop new inorganic materials for applica-

tions in photonics and nanotechnology, the current research trends in materials science inclu-
de the following topics:

Fast processes in oxide nanocrystals

Materials for holographic recording

Detection of near-surface electromagnetic fields by optical resonances in atoms
Optical properties, in particular, luminescence of wide band gap semiconductors

Materials for electrodes and membranes for high storage capacity batteries and gas
sensors

Glasses for photonics

Optical fibres and glasses for deep-ultraviolet applications.
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3.5.2 Prospects of Non-organic Materials
for Advanced Multifunctional Microsystems

Both optoelectronic and micro- and nanoelectronic devices are priority in technology
development. In order to develop the next generation of multifunctional advanced systems
a complex knowledge of physical and chemical properties of materials as well as of biological
principles is required. The goal is to make research in optical, electrical and micromechanical
properties of materials which are relevant for. The results expected will create fundamental
knowledge of the local atomic and electronic structure and its relation to physical and chemi-
cal properties of the modern multifunctional materials including:

® Possibilities to use surface and interface processes in mono- and multilayer
nanostructures for a new generation of surface-active sensors and ultrahard coatings

® Development of light emitters, detectors and visualization systems on oxyfluoride
nanocomposite basis with enhanced quantum efficiency.

3.5.3 Materials based on Novel Functional Low Molecular Organic Compounds
and Polymers

The goal is to develop novel photoactive organic compounds (oligomers and polymers)
and solid state systems for electronics, photonics and optoelectronics. The aim of investigations
should be to demonstrate the integration of organic molecules, polymers or nanoparticles into
scaleable, functional electronic and photonic devices that are connected to each other and to
the outside in a realistic and practical manner. The devices pass information by either a conven-
tional current (electrons) or light (photons). The main research axes include:

® High-density memories
e Molecular diodes

e Organic light emitting diodes (OLED)

e QOrganic photovoltaic devices (OPV) in low-power format, which will not require
expensive fabrication facilities.

Figure 3.5.3.1

Fluorescent organic thin film on flexible substrate.
Courtesy of A. Gonzalez-Elipe, Instituto de Ciencia de
Materiales de Sevilla, Spain
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3.5.4 Metamaterials and Nanostructured Materials

The increasing demands on photonic devices in terms of speed, efficiency and cost/unit
ratio require the development of new materials with tailor-made electromagnetic responses.
Known as metamaterials, these artificial compounds consist of sub-wavelength, in most cases
metallic, units arranged on a lattice structure with sub-wavelength pitch. The electromagnetic res-
ponse of the ensuing material is hence governed by the properties of the unit cell. This enables the
development of materials showing electromagnetic properties not found in naturally occurring
materials. Prominent examples are metamaterials with a negative refractive index, magnetism at
optical frequencies, and a strong plasma response in the low-frequency part of the spectrum.

Emerging application areas span the information technologies (filters, nanoscale optical
waveguides, nanosized lasers and detectors), photovoltaics (sub-wavelength energy concen-
trators), and biomedicine (imaging and screening).

The first requirement takes into account that most metamaterials consist of intricately
shaped metallic sub-units, hence the optical loss is determined by the intrinsic losses of the
unit cell. The field of study investigating the optical properties of nanostructured metals is ter-
med plasmonics, one of the cornerstones of metamaterials research.

The second requirement acknowledges that thus far most metamaterials have been rea-
lized using expensive, slow, top-down nanofabrication techniques (for example electron beam
lithography).

Mass production requirements for technological applications will require a switch towards fast,
cheap and flexible bottom-up synthesis techniques relying on concepts such as self assembly
and organization, as well as parallel nanolithography schemes (such as nanoimprint
lithography).

Another particular challenge lies in the assembly of truly three-dimensional meta
materials. Only then can the flexibility in terms of tailor-made optical properties, expressed via
a desired spatial refractive index distribution, show its full potential. This is particularly true for
applications exploiting phenomena such as negative refractive index, near-zero-permittivity,
and optical cloaking.

Research into three-dimensional assembly techniques is currently still in its infancy, and
hence presents a particularly promising opportunity for Europe to take a leading role.

3.5.5 Functional and Multifunctional Oxide Films

Owing to the wide range of functional properties which can be observed in the oxide
materials family, thin films of these compounds find numerous applications in a wide range of
domains. As a result, the theme “Functional and multifunctional oxide films”is a multidisciplina-
ry theme, since microelectronics, spintronics, materials for energy and biomedical applications
can be based on such films.
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A typical example of a multifunctional oxide film is the transparent conducting electro-
des needed for Si photovoltaic solar cells. In addition, to increase the efficiency of such cells,
a conversion layer which can transform a photon in the UV domain (which are not efficiently
used in the cell), in the visible or near infrared domain (efficient absorption), should be depo-
sited onto the cell. If a single film (a multifunctional film) can be used as both a transparent
conducting electrode and a conversion layer, this will be a noticeable simplification in the fab-
rication of Si photovoltaic solar cells.

Depending upon the crystalline structure and the nature of the oxygen — cation bon-
ding (ionic or covalent character), very different kinds of oxide materials can be obtained. For
example, wide band gap insulating materials, well suited for optical applications, in which coll-
ective phenomena involving electric dipole interactions can yield ferroelectricity. The electro-
nic properties of oxide compounds go from metallic conductivity to superconductivity with
of course the well known transparent semiconducting oxides. Unpaired spins in these oxide
compounds results in ferromagnetism or ferrimagnetism. Moreover, metal — insulator transi-
tions can be observed depending on temperature, pressure or magnetic field, increasing thus
the interest for the oxide films. Taking into account that some of the compounds of this family
are biocompatible and show mechanical properties well suited for applications in the domain
of life sciences, it is easy to understand the historical interest for the oxide materials.

It has to be noticed that numerous reviews can be found giving the state of the art con-
cerning the oxide films, their growth, composition, morphology, structure, microstructure and
physical properties and their potential applications in a lot of domains. In particular, the MRS
Bulletin /MRS2/ through the papers on "Wither Oxide Electronics” gave an extensive overview
of this specific domain and presented some expected perspectives which have to be taken into
account. For example, oxide heterostructures offer the possibility to generate new electronic
phases at interfaces and new electronic systems with properties that cannot be achieved in the
bulk. These phenomena, which can lead to the formation of conductive and even supercon-
ductive interfaces may be at the origin of new applications.

Various approaches can be envisaged for the formation of multifunctional oxide films
including:

e the combinatorial approach which is mainly based on the use of multitarget systems.
In this way it is possible to form oxide films with a broad range of compositions

e the doping of the oxide matrix by elements to induce some functional properties.
For example, rare earth doping of a oxide matrix, (i.e in which the rare earth dopants
can be easily substituted to cationic elements) finds applications in optoelectronics,
while doping of semiconducting oxides by transition metal elements can lead to
ferromagnetism at elevated temperatures for spintronics applications

e the formation of nanocomposite films, the formation of films constituted by the
random stacking of oxide nanoparticles is a key point for applications in the field
of nanoscience and nanotechnologies.
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4 Materials for Energy

Providing sufficient energy in Europe and globally with an acceptable ecological impact
is one of the key challenges faced today by the society, and in view of threatening climate
changes, an extremely urgent one. There are many issues with no easy answers, but there are
also many promising solutions and ideas already available in a in a more or less advanced state
of research.

Itis accepted that such a global challenge calls for a better coordination. This is especially
true in the European context where virtually no raw material is sufficiently abundant to cover
all the needs. Furthermore, Europe needs to decrease the CO, emission according to the Kyoto
agreement.

The energy issue should be addressed in all of its aspects, starting from the production
to the transformation and transport by taking into account new and renewable methods with
low environmental impact. Finally, the end use of energy is to be seriously considered as quite
a substantial part of the energy request is due to industrial and domestic users, both in appli-
ances and electronics where significant waste of resources occur.

Advances in materials science have been key enablers for improving energy efficiency
in all aspects above and in many different areas such as harnessing of solar energy (solar cells),
transport (@automotive industry and e-mobility) energy efficient buildings, etc.

In this chapter, the main challenges and possible solutions from the materials’ perspecti-
ve are presented in the three main areas:

e energy production from renewable sources
® energy storage and distribution/transportation
e more efficient energy consumption

It is to be noted that the division above is arbitrary or even incorrect to some extent,
since energy cannot be produced or consumed, but only transformed from one state into ano-
ther. However, for the purpose of structuring this document, this commonly used terminology
will be employed. We also restrict ourselves mainly to electrical energy, which is only part of
the global energy cycle.

4.1 Energy Sources and Production

Energy production from renewable sources has a wide range of possibilities. photo-
voltaics, wind and tidal power are already increasingly used, and, in some cases have excee-
ded even optimistic expectations: e.g. in 2009 in the countries of the European Union the
share among the new installations for electric power production was the following one: Wind
(39%, 10 GW), Natural Gas (26% 6.6 GW), Photovoltaics (16% 4.2 GW), Coal (9% 2.4 GW) and
Biomass (2.2% 0.6 GW). All these new installations depend on the use advanced materials for
the energy conversion.
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Further increase of efficiency remains, however, the main issue. The use of biomass is a
further asset in the energy portfolio, but also needs to be considered in the correct perspective:
the energy that can be harvested per area and per year is only about 1/40 of the photovoltaic
efficiency. Thus the main question is to best exploit otherwise wasted potential, for instance by
using biogas from landfill sites.

Thermoelectrics so far have a comparatively low efficiency as well, but have a consi-
derable potential in the use of waste heat that cannot be used otherwise. Even at moderate
efficiencies, the total efficiencies of, e.g., combustion engines can be increased considerably by
converting waste heat into electricity.

Nuclear Power (using fission as well as fusion processes) cannot be considered as a rene-
wable energy source, and has a big and unsolved problem which is the nuclear waste. Materials
development is required at different levels and in particular to limit the negative ecological
impacts.

4.1.1 Solar Energy

The use of solar energy can be seen as the safeguard of the energetic basis for the man-
kind. Under steady conditions our sun provides more energy to the earth within one hour than
mankind consumes within one year. The photovoltaic (PV) industry is predominantly based on
silicon which is the second most frequent element in the Earth’s crust and, because of micro-
electronics, the most extensively investigated material. The prospective research topics con-
cern the efficiency of solar cells, their long term stability as well as the cost-effective production
of silicon. For countries with low solar irradiation it is very important to exploit the entire spec-
tral range making compound semiconductors a viable option, especially in layered structures
and in concentrator solar cells. Each kWh gained from solar energy saves about 1kg of carbon
dioxidel!

There are two routes for solar energy generation: solar thermal and solar photovoltaics.
In the solar thermal approach, the sun’s radiation is converted to heat that is either used direct-
ly, for instance, for passive water heating, or indirectly concentrated, known more commonly
as concentrating solar power (CSP). In solar photovoltaics, semiconductors are used to convert
solar radiation into electric energy, which can be either used locally in autonomous systems
or connected to central power grids using dc-ac converters. Photovoltaics is a semiconductor
market and will provide a best in class renewable energy.
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At present European industry is leading in photovoltaic materials, equipment and
technologies. The success of photovoltaics as a large-scale, renewable energy source relies on
the capability of lowering the cost and increasing the energy conversion efficiency of solar
cells. In order to attain both goals new materials and processes need to be developed for
future PV devices. It is widely accepted that future activities in this field will focus on the
possible impact of nanotechnology and hybrid systems based on organic/inorganic coupling,
for innovative PV systems.

In the field of solar photovoltaics, the range of materials used is limited to a few elements
and compounds like silicon (wafer based and thin films), GaAs and its derivatives, CdTe, a few
chalcopyrites (CulnGa(SSe)2) and some dye and organic compounds. Calculations of the elect-
ronic bandstructure of most of these materials were performed already in the 1970°s and with
the help of these a wide range of compound materials was identified as suitable candidates for
solar cells. However, the systematic synthesis, investigation and characterisation have not been
carried out for all of the potential materials.

The investigation of the fundamental material research aspects was often neglected due
to the fact that these have a time-scale beyond the short term needs of industry. In fact, new
materials synthesis and characterisation takes a significant amount of time and it is not gua-
ranteed that these materials can be manufactured in a cost effective way. Therefore, the risk
associated to the research on new materials is high. On the other hand, not taking this route is
even more risky since the result may be to run into a potential roadblock for PVs in the future if
the commonly used materials are no longer available at economic prices.

Figure 4.1.1.4

Thin-film solar module
Source: First Solar Manufacturing GmbH, Frankfurt (Oder)

Figure 4.1.1.3

Monocrystalline Si Solar cells
Source:Conergy SolarModule GmbH & Co. KG, Frankfurt (Oder)
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The impact of nanotechnology has already been emphasized: it offers the possibility
to harvest the full solar spectrum by quantum related phenomena such as Multiple Exciton
Generation (MEG), the use of Intermediate Band (IB) materials, or the tailoring of the solar cell
absorption through size tuning of nanostructures embedded in the active device area. Despite
the fact that for some of the ideas it has been possible to show a proof of concept, their imple-
mentation within a large-scale, mature technology requires extensive scientific investigations
and technological development.

Looking at the overall picture, it is important to note that silicon is still the dominating material
with more than 85% of the total market for PV panels. This suggests that for the next 10-20
years significant research activities will be focussed on the use of silicon-based or silicon-com
patible thin film structures. These materials include, of course, nanodots, nanowires, nanotubes
and other kinds of nanostructures able to improve the direct conversion of photons into
electrical charges.

Moreover, while in the past most attention has been dedicated to the active part of solar cells
(the region where photons are absorbed and create electron-hole pairs), the new concepts
of PV devices evidence the critical role of all parts forming a solar cell: anti-reflecting coating,
transparent conductive oxides (TCOs, metallic contacts, interfaces and substrates. Therefore, for
example, the deposition of TCO is also a critical issue for next generation solar cells.

The PVindustry has demonstrated its capability to lower the costs of PV systems in terms
of cost per Watt-peak (Wp) systematically over the last few decades following a learning curve
with a learning experience in the order of 20%. This means that for every doubling of the cumu-
lative production, the cost decreases by 20%. However, it is of fundamental importance to re-
alise, that increased efficiencies contribute to cost reductions not only on module level-where
most of the materials research is currently carried out- but also on the balance of system level.
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Further large scale implementation of PV modules will also require intelligent modules
in order to minimise losses attributed to partial shading or power fluctuations. To realise such
intelligent modules, smarter control strategies and alternative power electronics topologies
that dynamically optimize the yearly electricity production of these modules have to be
developed and integrated. There is also need to control parameters (such as the conversion
factor of DC/DC converters) in real time. Additionally, monitoring devices (such as distributed
temperature sensing) would enable the plant-level controller to optimize the energy yield —
ultimately we might be able to make trade-offs between lifetime and maximizing power here
and now. Technology wise, this implies that additional power electronic circuits and sensors
need to be placed in and around the module. Material research is urgently needed to realise
such components.

Future grid-connected PV systems will be subject to more stringent regulatory requi-
rements for the delivery of “ancillary services”to support the electricity grid when reserve and
reactive power injection (for voltage support) has to be delivered. As the electricity grid has to
deal with positive as well as negative balances, this involves the “shaving” of peak production
and temporarily boosting power output. Lowering the output is easily achieved by moving
away from the Maximum Power Point (MPP), but when storage is available, the energy conver-
sion can be kept at maximum level and the output difference stored for later recovery.

Such a storage function may be centralized or distributed — possibly a micro-storage for
short term needs will be introduced at the module level in close conjunction to DC/DC conver-
ters. These storage components could consist of improved supercapacitors with low leakage
and innovative thin-film battery approaches.

To realise such innovative approaches needs further development of the respective po-
wer components and storage technologies as solar modules increase in temperature during
operation which is not favourable for the lifetime of current power electronics and storage
technologies.

4.1.2 Biomass

Biomass is a renewable energy resource derived from waste. Biomass comes from both
human and natural activities and uses by-products from the timber industry, agricultural crops,
raw material from forests, household wastes, and wood. Like wind, solar and other forms of re-
newable energy, biomass produces lower amounts of CO, emission than its fossil fuel counter-
parts. Therefore, the main driver for the deployment of biomass in Europe is the need to reduce
carbon dioxide emissions and ensure a secure energy source.

Biomass can be converted into methane and various types of biofuels and used in nu-
merous applications. Synthetic natural gas is, for instance, already being used to produce bio-
diesel, bio-oil, and biofuel. The conversion of biomass to bioenergy involves materials and cata-
lysts in many processes. For example, in the conversion of wood to methane, wood gasification
may be performed in a fluidized bed with abrasion resistant and catalytically active materials,
where the resulting raw producer gas is cleaned from sulphur species by an absorber material
and finally converted over a methanation catalyst.
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Research has to be focused on the investigation and further development of the materi-
als involved in biomass conversion with the following characteristics:

e Materials that keep their high initial catalytic activity even in highly
contaminant-loaded hot gas streams

e Materials that are not affected by the high temperatures in these conversion processes
e Abrasion resistant materials when used as fluidized bed material

e Materials that are cheap and easily processable as well as being sufficiently resistant
to corrosion. This could either be achieved by careful tests of known alloys or by new
materials developed for this particular application. New coatings, which prevent the
attack of corrosive inorganics at the underlying metal surface could also provide
a solution.

4.1.3 Thermo-Electric Energy

Thermoelectric generators enable the direct conversion of heat to electricity, but at pre-
sent they are only used in a few niche applications such as supplying the energy for space-
craft and satellites, in Peltiercoolers in laboratory instrumentation or for medical applications.
The efficiency of thermoelectric devices depends on a figure of merit Z which increases with
electrical conductivity and temperature and quadratically with the Seebeck coefficient but de-
creases with thermal conductivity. Previously thermoelectric materials in their bulk form were
based mainly on compounds containing heavy elements like bismuth telluride or selenide,
lead compounds, but also on bulk SiGe alloys. To reduce thermal conductivity by enhancing
phonon scattering, more advanced bulk materials were based on partially filled structures like
skutterides (e.g. those based on alloys of CoSb3) /ADM/. Dresselhaus et al /THB/ have pionee-
red the use of quantum confinement phenomena in quantum wells, in quantum wires and
quantum dots to enhance the Seebeck coefficient, a field which receives a lot of attention
particularly in the US. The new advanced thermoelectric bulk materials contain nanoscale in-
clusions /ADM/ with typical dimensions of the order of 10 nm, for an efficient reduction of the
thermal conductivity, without affecting the electrical conductivity too much, and an increase
of the Seebeck coefficient. In particular the production of cost-effective nanocomposites with
randomly distributed nanoparticles has turned out to be essential for future wider-spread use.
Whereas, the commercial market for thermoelectric devices so far is rather small at present but
could grow with improved materials.

Apart from various semiconducting alloys and compounds with metallic or semimetal-
lic inclusions, metal-oxides have been identified as promising thermoelectric materials. They
are chemically stable even at very high temperatures of ~ 1200 K. Research in this field has
already produced most encouraging results.
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4.1.4 Nuclear Energy

Nuclear power currently accounts for about 20% of the worldwide electricity production
and the demand is steadily increasing. As a consequence; the demand per production unit in-
creases and the enhanced yields result in the fact that materials used as structural components
or as fuel must operate under extreme conditions. In addition, the waste stock pile increases
and ecological solutions are required.

Throughout the last 20 years, Europe has been a leader in nuclear materials science in
strong cooperation with American, Asian and other countries. The studied materials are com-
ponent materials for future generation units such as advanced fission/fusion systems, and
structural materials for thermal reactor units. Fuel materials including the fuel matrix and tar-
gets for transmutation have to be considered taking into account their operation as well as the
waste materials for disposal.

A common topic for future nuclear power systems is the trend towards high operation
temperatures and high burn-up. An additional key challenge for the successful development of
materials for fission and fusion systems is the harsh neutron irradiation environment.

A combination of multiscale modelling and advanced experimental test techniques
need to be used investigate and to resolve issues related to the different types of materials
used:

Component materials for advanced fission/fusion systems
Component materials for thermal reactor units

Fuel materials, fuel matrix and target for transmutation
Waste form materials for disposal

Research of new materials including metals, carbides, nitrides, oxides utilised as alloys,
solid solutions or composites should focus on higher stability or better mechanical perfor
mance.

Characterisation of these materials is carried out using advanced techniques ex-situ
Studies on irradiated material and at elevated temperatures are required and are performed
with accelerators and in piles in reactors. Characterisation should be performed in-situ by
noninvasive technigues (by for example using inert windows for observation and analysis via
video, Raman, DRS, XAFS, PIXE, etc).

The final goal is to develop advanced materials as component for fusion and generation
IV (GENIV) fission systems; highly reliable materials for structural parts of thermal reactors with
excellent behaviour in-pile; economical fuel materials and targets for transmutation; and
ecological waste form materials for geological disposal. R&D efforts should therefore be
directed into making the use of nuclear materials more sustainable, safe, economical and
ecological.
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4.2 Energy Storage and Distribution

Several of the energy sources mentioned above are not available constantly and in a pre-
dictable manner, and hydro- and nuclear power plants cannot react quickly enough to short-
term fluctuations in energy demand. Therefore energy storage is a key requirement and in this
context, three major technological solutions are considered.

In the first place, batteries might play provided that high-capacity batteries are available.
These are needed for electric vehicles, and can be used for decentralized storage. The challen-
ge is to achieve the required capacities within the time-frame defined by the industrial needs.
Anyhow, battery development will be very important for local energy storage at a smaller scale.
Similarly super capacitors, will mainly be used for fast energy storage/delivery at a small scale.

A very promising technology, but so far not fully developed, is energy storage in the
chemical form, using electrical energy to produce methane, ethanol, or other synthetic fuels
essentially from CO2 and H20O. The fuels produced in this way has a very high energy density,
is easy to store and transport, and can easily be converted back to electricity or other energy
forms using conventional as well as novel techniques. This technology can also contribute to a
reduction of CO2 emission from conventional caloric power plants.

Akey issue in the distribution of energy is the development of better grids (“smart grids”).

4.2.1 Li-Ion Batteries

The challenges for Li-ion battery systems are very high, due to the rapidly increasing re-
quirements for high performance energy storage systems. Studies suggest an increase of the
market volume for batteries based on Li-ion technology of 77 B € in 2025. In general batteries
store chemical energy and, on demand, convert it directly into electrical energy to power a
variety of transportable applications such as cellular phones, laptops or other portable electric
devices. These applications require compact, lightweight, and low cost storage systems. Requi-
rements for materials used for energy storage systems in electric vehicles are deliverance of high
currents for fast charging/discharging, high energy density, long cycle life, safety and low cost.

Current rechargeable lithium ion cells suffer from safety problems, low energy density,
complicated battery designs, toxicity issues (cobalt), and limited resources of raw materials.

The development of next-generation lithium batteries requires the investigation of high-per-
formance materials and the exploitation of new systems. The most promising research directions are:

e In the near future novel carbon varieties including nanostructures, lithium alloys, and
improved silicon structures are promising candidates for the anode. For cathodes, high
voltage materials (~ 5V) such as Ni-Mn-Co oxides show high promise and are a,hot”
research topic. With improvement in the performance of new electrode materials, the
demands on the electrolyte are also increasing These might be met by polymer
electrolytes and ionic liquids. Beyond the chemical issues, nanoscaling and -structuring
will play an important role in the future of batteries technology.
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® On longer term, the design and development of systems such as Li-sulphur and
Li-oxygen (air) batteries should be envisaged. It expected that these systems can
exceed the energy density of ,conventional” Li-ion batteries by roughly 10 times.

e Other systems, e.g. Zn-air or organic batteries are promising and have to be
considered on the long term, despite the fact that at the moment the replacement
of the Li-ion technology by other cell chemistries is not yet foreseen.

e Other future research directions are the development and fabrication of thin film
Li-ion batteries which can be used to power added functionalities in devices such as
credit cards.

4.2.2 Supercapacitors

In recent years supercapacitors (SCs) have found their market niche for several appli-
cations and the corresponding world market is expected to increase to USS 900 M for large
devices (> 300 Farad) by 2015. If small capacitors (those found in cameras, mobile phones) are
included, the market is estimated to be well above USS 2 B.

Supercapacitors have proven long cycle life (> 500 000 full Depth of Discharge DOD)
cycles) with high efficiency and high power. However, in many applications the relatively low
energy of SCs is a major issue.

As a consequence the main research and development goal for the next generation
of SCs is the increase of stored energy. In order to achieve this goal two approaches are being
followed:

e Novel electrode and electrolyte materials which allow for an increased cell voltage

e Hybrid designs by utilizing battery and capacitor materials

4.3 Carbon Dioxide as a Raw Material and a Future Chemical Fuel
for a Sustainable Energy Industry

4.3.1 General Objectives

The continuous increase of the concentration of CO, in the atmosphere, and the rela-
ted consequences, have pushed the European Parliament and the European Commission to
launch a program for CO, sequestration in the ground (more details can be found in many
reports, including STOA (IP/A/STOA/FW(C-2005-28/SC20 and 2008-01; PE 416.243). According
to the European SET plan, by 2020 20% of European emission should be captured and stored.
It has to be noted that the world total emission of CO, will reach 30 gigatons in 2010.
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In order to achieve the plan’s objectives, industrial units are planned, with a unit price of
approx 1.2 bn EUR for an adsorption capacity of 5 millions tons per year. In the future, several
hundreds will be needed to make a significant impact. The three foreseen essential steps are:
collect the CO, as close as possible to the source, transfer it by pipeline to adequate locations
and pump it in the soil.

We propose to consider CO, as a raw material which can be recycled as a chemical fuel,
which can be used as an energy source, thus generating a completely new industry in Europe.

4.3.2 How does this Process work?

In the first step CO, has to be collected. Work is starting at an industrial scale to establish
the efficiency, the cost and the risks of these processes using amine, ammonia or zeolites for
the adsorption step. The raw material CO, (as gas or liquid) has to be chemically reduced by
hydrogen to make a synthetic fuel (synfuel).

Industrial pilot plants for carbon dioxide capture for thermal power stations, at smaller
capacity between 10 to 200 MW, are working today (BASFETOTAL, ALSTOM, Dow Chemical, IFP,
RWE, BP, Power Pass Corp, etc.).

The details of the different reactions have already been considered in two workshops
(2008/Paris and 2009/Strasbourg) and a symposium at the E-MRS Fall Meeting in Warsaw in
September 2010. During the Energy Conference organized in Fall 2009 in Stockholm under the
Swedish Presidency, Prof. George Olah, Nobel Laureate in Chemistry confirmed our model (see
Figure 4.3.2.1 below from his presentation). The efficiency of the whole process i.e. the econo-
mics, will depend largely on the quality of the catalysts and progress using nano-catalysts have
been shown very recently, as well as the splitting of H O by solar photons.

Technological Carbon Cycle
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(Courtesy of George Olah).

These technical proposals have received a strong support from J.E.Stiglitz ( Nobel Prize
in Economy 2001) who declared recently < should the world endeavour to have carbon emis-
sions paid at their real price...(it is essential) to promote incentives for innovations and invest-
ment in all techniques ,companies, (and) home equipments which are more energy efficient>
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4.3.3 Applications

As a large spectrum of applications of chemical fuels are possible, we restrict ourselves
here to the chemical storage of excess electricity.

European authorities have decided that by 2020 a larger fraction of our electricity should
be generated by renewable energies, photovoltaic, wind, and ocean. (Project 20-20-20). How-
ever, these are non-constant sources of energy over time and it will become more and more
difficult to stabilize the grid (eg the incident in Germany during 2009). Storage of electricity is
therefore a necessity; however, this is not possible directly: batteries will be quite insufficient as
will be pumped-storage hydro-electric installations. )

Large power plants, especially nuclear reactors, are not very flexible as a result of which
the electricity price in Europe changes in the same day from about 5 cents to more than
1.0 EUR per kW/h. Low cost electricity can be used to dissociate the water molecule H O and to
generate the hydrogen H, needed for the CO, reduction (it would even be possible to combine
photovoltaic and nuclear in a same plant, one part of the electricity coming daytime from PV
and from the large plant overnight). This chemical transformation of CO, into methane (CH,) or
methanol (CH,OH) or synfuel will establish the capability to store electricity through a chemical
process.

Even if not considered here in detail, it is obvious that these chemical fuels can become
the energy carrier for transportation. The thermal engines in cars cannot be replaced in the
short term at large scale neither by fuel cells, nor by batteries, because both the technological
and economical developments are not mature for large energy storage. But an evolution of
the engines will make possible the use of the fuels generated by CO, recycling as proposed in
Figure 4.3.3.1
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4.3.4 Key Steps for a Development based on CO, Valorisation

® The development of e H, production : efficiency from electrolysis of sea water is one of
the most ambitious goals and is dependant on catalysis research for new electrodes.
Today, hydrogen s is mainly produced from methane derived from fossil fuels large oil
fields or shale gas.

e Secondly, catalytic materials are the key step : for the redox recycling of CO,, strong
scientific research network is needed for high efficiency stable catalytic materials in or-
der to develop exothermic catalytic reactors with high efficiency conversion rate.

For large chemical plants the cost of the catalyst is one of the main factors that contri-
bute to the cost of the process. Therefore, this key step needs to be developed by taking into
account the efficiency and the selectivity of the catalyst including the support, the new kinds
of spinels or perowskites which are able to replace expensive metals such Pt, Rh, Pa or rare
earths such as Pr, Nd, Pm.. Nanostructures may also become of great importance.

® Develop economical and technical research on the engineering of the grid control in a
mixed flux of conventional and renewable energy supply. At the same time, new fields
of scientific research can be explored. One of them is the direct splitting of H O by solar
photons. It should however be noticed that already today there are overseas laboratory
scale instruments, and large scale facilities are under construction.

e (arbon dioxide as a raw material for electrical network regulation

Taking into account this proposal, we can imagine strong connection between the tra-
ditional electrical network and its regulation/control by including a large amount of renewable
energy systems such as photovoltaic panels, wind turbine, biomass combustion, or thermal
solar turbine. We have to remember that the goal is to reach 20% to30% renewable capacity in
the next ten years.

The flow sheet below provides an overview (Figure 4.3.4.1).
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4.3.5 World Wide Equipment under Construction

From the most recent publications, one can observe the starting of industrial and some
pilot plants. Energy storage from the chemical reactions of carbon dioxide and hydrogen allow
transformation from a gas phase to a liquid phase.

From the publications we can highlight the pilot plant developed by Professor K. Hashi-
moto to propose energy storage from photovoltaic panels via carbon dioxide reduction by
hydrogen produced by an electrolysis plant. The key steps are electrolysis and CO, reduction.

4.3.6 Safety and Sustainability of the Process

The chemicals and materials involved in the whole process are CO,, H.O, H,, CH, and
CH,OH, all chemicals which are largely in use today. Of the metallic catalysts, those with nano-
structures have to be handled like other metallic nanoparticles, as used in cosmetics or even
medicine (MRI).

The large development of new catalysts is one of the key aspects of these processes.
Most of the catalysts are formed from amorphous Ni-Zr and Ni-Zr-rare earth element alloys.
Ni/(Zr-Sm)Ox catalysts are the main powder used for mass production but in order to avoid
dependence on rare earths, new catalysts using Ni supported by tetragonal ZrO, and others
using Ni-Zr-Ca or Ni-Zr-Mg supported on tetragonal ZrO, stabilized by Ca + or Mg+ have
been developed. These new nanostructured materials with large surface area and strong sta-
bility to the carbon dioxide impurities permit an increase in efficiency of the process and a
decrease in cost.

At the same time materials like perowskites or stabilized zirconia support, with a high
thermal conductivity in order to control the selectivity of the process, have to be chosen. Today
the recycling of catalysis materials allows the environmental impact of byproducts to be cont-
rolled and land fill pollution to be eliminated.

4.3.7 Economical Impact

The whole process will generate large industries installed in close vicinity to the genera-
tion sources of CO, with a very large generation of jobs. These jobs cannot be delocalized due
to the cost of CO, transport.

The first ambitious European project is starting in Germany, called CO -Reaction using
Regenerative Energies and Catalytic Technologies (CO,RRECT). The partners envisage a system
in which surplus electricity from solar cells and wind turbines is stored as hydrogen generated
via water electrolysis technology supplied by Siemens. The hydrogen can then react with CO,
to form building blocks and other chemicals (see www.CEN-ON LINE.ORG 9 sept 13 .2010). This
project allows the production at the same time of chemical products and synfuel depending
on the catalysis and the economical aspect of each product.
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4.3.8 Conclusion

Energy production by decarbonised processes is a major objective of the European Eco-
nomic Program but it needs strong research in new materials in the large field of catalysis. Sus-
tainable development in the field requires the creation of specific catalytic supports with large
area and nanostructured active species for specific adsorption sites and high energy activation
in order to increase the final energy balance of the process.

Renewable energy systems are increasing more quickly than expected but the discon-
tinuous production of energy of these techniques needs energy storage for electrical network
regulation and control.

Hydrogen from large electrolysis plants can work in connection with renewable energy
systems, coal or nuclear plants and can be used as an intermediate for chemical energy storage
through CO, in liquid product, as synfuel, or methane for electrical network regulation.

Carbon dioxide appears to provide strong opportunities for the development of a new
industry of large energy storage to replace carbon fossil fuels. This strategy can be described
through this roadmap taking into account the development of each step: the CCS carbon di-
oxide industrial plants being needed to store the carbon dioxide. This includes:

e The large development of renewable energy systems and plants (including photovol-
taics, wind turbines, biogas, etc.)

® The electrolysis of sea water at large scale in order to optimise the cost of hydrogen pro-
duction which is the main cost of the synfuel production

e New industrial plants for carbon dioxide reduction in alignment with the best econo-
mical options: synfuel or methane for energy regulation and some specific chemical
products such as urea for agricultural fertilizing.
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4.4 Energy Conversion

One of the most promising technologies for the conversion of chemical energy into
electrical energy are fuel cells. Several concepts are currently being investigated, but intense
research is still required to make the technology fit for industrial applications. Concerning the
direct use of electrical energy, the efficiency of devices and appliances is an important issue,
to actually reduce the energy consumption and developments in micro- and nanoelectronic
have an important role to play as it is detailed in the corresponding chapter.
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4.4.1 Fuel Cells

The world commercial market for fuel cells -- including revenues associated with pro-
totyping and test marketing activities, as well as actual product sales are expected to triple
to USS$1.9 bn by 2013 and then almost triple again to USS$ 5.1 bn in 2018. Market gains will be
stimulated by ongoing technological advances, helping to drive costs down to competitive
levels in a growing number of applications, and supported by improved economies of scale as
fuel cell manufacturers ramp up production. In industrialized areas such as the US and Europe,
efforts to reduce dependence on imported oil and address environmental concerns will also
contribute to fuel cell commercialization activity and sales growth over the coming decade.
Product sales will increase substantially in China and other developing countries, but the US,
Europe, Japan, Canada and South Korea will account for over four-fifths of all commercial de-
mand in 2018 /MAR/. Commercial demand for fuel cell systems, which totalled 17,800 units
in 2008, will expand exponentially until 2013, when unit sales will reach 1.3 million, and then
climb another sevenfold to 9.95 million units in 2018. Although market gains are projected to
be strong for most applications, virtually all of this increase will be attributable to an explosion
in demand for portable fuel cell systems, which is expected to account for 98 percent of all unit
salesin 2018.

Demand in fuel cells for portable electronics will be spurred by users'frustration over the
shortcomings of batteries as a power source for high-drain electronic devices. Declining pro-
duct costs should contribute to make fuel cells - which have the potential to offer much longer
run times than batteries - an affordable source of portable power.

4411 Polymer Electrolyte Fuel Cells

Polymer Electrolyte Membrane Fuel Cells (PEFCs), —also called Proton Exchange Mem-
brane (PEM) fuel cells, in particular the ones applied as stacks in automobiles—use hydrogen
fuel and oxygen from the air to produce electricity. Hydrogen fuel is channeled through field
flow fields to the anode of the fuel cell, while oxygen (e.g. from the air) is channeled to the ca-
thode of the cell. At the anode side a catalyst (e.g. Pt) splits hydrogen into electrons and protons
which pass through the PEM to the cathode, while the electrons travel along an external circuit.
The electrons and protons recombine with oxygen at the cathode to form water which flows
out of the cell. All of these basic components of a fuel cell - membrane, catalyst, and electrodes
with flow fields — should be further improved. One of the most important materials in a PEFC is
the polymer membrane, which is proton (H+)/hydroxyl (OH-) ion conducting.

Proton-exchange membrane fuel cells (PEFCs) are currently the most widely used tech-
nology and their dominant market position will be strengthened over the coming decade.
PEFCs operate at relatively low temperatures (allowing them to be fabricated in multiple sizes
and shapes); offer quick start-up (a major advantage in both backup power and vehicular set-
tings) and can operate over a wide range of power outputs. As a result, more organizations are
actively working to develop and market PEFC systems than any other single fuel cell chemistry.
However, demand for direct methanol fuel cells (DMFCs) will rise at a faster rate. DMFCs are a
variant of conventional PEFC technology that can extract hydrogen from methanol without the
need for a reformer, making them highly suitable for powering small electronic devices.
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A goal for mid- and long-term research is the development of new and cheaper
membranes with an increased conductivity, which should be independent from the water
content. Another requirement is an improved understanding of the stability criteria in fuel cells.

The catalyst material is extremely important in a PEFC and presently mainly platinum is
being used. New, cheaper (more active and stable) materials, e.g. alloys, should be developed.
A better understanding of the catalytic activity of Pt and alloys is also required. As an example,
it remains unexplained why a polycrystalline Pt surface has an activity 10 times higher than a
Pt nano-particle.

Research should also address the development of new methods for producing nano-
structured surfaces and improve platinum support materials, by for example providing more
stable support materials, better carbon materials, and new binder materials.

The understanding of the electrode structure including porosity, mass transport and its
effects on the performance of the fuel cell is crucial.

All of the above mentioned topics are related to materials. As an example, bipolar plates
are made of conductive materials in fuel cell stacks with gas flow fields which serve as the ano-
de on one side and as the cathode on the other. Metals require better methods for structuring
and coatings for low resistance and less corrosion. New concepts of cell circuitry (high voltage
vs. high current) are also related to the materials used in these devices and their properties.

For the particular application of PEFC in fuel cell cars additional specific requirements
exist and include the following need for materials research:

e Forthe hydrogen tank liner highly hydrogen gas impermeable polymeric materials
are needed

e High strength, low cost, high strength fibers for tank containment should become
available together with cheap production routes for carbon fibers

e For bipolar plates corrosion resistant, gas impermeable, heat and electric conductive
materials with a fast and low cost production route should be developed, avoiding any
post-treatment such as coating

® For the interconnect between flow field and catalyst in the fuel cell, highly porous
materials with tunable structures (permeability, tortusoity, thickness) will be required.
At the same time these materials should be resistant to corrosion, mechanically stable,
and possess good thermal and electrical conductivity.
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4412 Solid Oxide Fuel Cells

Solid oxide fuel cells (SOFCs) have in principle the same components as PEFC, i.e. two
electrodes, a fuel delivery system and membrane, but in this case the membrane is a ceramic
material, e.g. an oxide, and the fuel cell is operated at higher temperatures (800-1200 °C). SOFCs
are traditionally foreseen for stationary applications. They are technically feasible today, howe-
ver, still too expensive. Sales of high-temperature solid-oxide fuel cells will also grow at an abo-
ve average pace because of their ability to use multiple fuels and their high energy efficiency,
which can exceed 80% if excess generated heat is recaptured for co-generation purposes.

An important aspect is the issue of degradation in the interconnect of an SOFC stack
which electrically and physically connects the anode of one fuel cell to the cathode of the ad-
jacent fuel cell. These interconnects can be made of ceramic or metallic materials.

Research needs to be performed on degradation, which is the main cause for failure in
SOFGCs. In addition, the need to replace the stacks often increases costs and hinders the
commercialization of SOFCs.

Future SOFC research should also be directed towards small to medium size SOFC
systems for portable and stationary systems operating at low temperatures, i.e. 350-550°C. It is
known that small scale SOFC systems, so-called micro-SOFC systems, could replace state-of-
the-art batteries, because they are small, light-weight, and deliver high power.

Finally, research is required in order to merge SOFC and high temperature ceramic
technology with micro-electromechanical systems (MEMS) technology from the Siindustry.
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5 Nanotechnology

The Key Enabling Technologies, photonics, biotechnology, advanced materials, micro
and nanoelectronics and nanotechnology are all interlinked. Importantly, in all five areas the
general Materials Science and Engineering approach is a guiding principle - i.e. processing
- structure — property relationships. In nanotechnology this guiding principle still applies but
now the behaviour is critically dependent on scale so that the structure at the nanoscale provi-
des properties not necessarily observed in bulk materials.

This means that materials at the nanoscale require highly specialised and sometimes
new sets of tools for fabrication and for property measurement. This concerns all other KETs.
In the area of photonics for example, plasmonic structures are necessarily at a nanoscale and
by definition, nanoelectronics will require processing of, for example, magnetic structures or
multiferroic structures for memory devices or for communications devices. Biosensing is an
area where nanostructured metals can provide surface enhanced properties useful for Raman
detection of critical bio-markers. Other examples include nano-structured electrodes for bat-
teries, nanoscale thermoelectrics for autonomous microsensors, nanostructures surfaces for
catalysis etc. .

Numerous challenges are raised by the nano-world: consideration of physical and phy-
sicochemical phenomena from quantum physics, characterization and modelling not only at
the design stage but through to the integration of the fabrication processes. This integration
should ensure a multi-scale coupling/fit and should be considered at an early stage; i.e. from
the design of the material or of the system. At the application level, complementary scientific
challenges concern the emergence of the fields of intelligence, of cognition, of biology and of
energy (including information and treatment in micro and nano-objects and systems); the de-
sign and the characterization of micro- nano-bio-systems at the scale of the living cell; and the
generation and the management of the autonomous energy provision within such systems.
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5.1 Materials and Fabrication

The ability to control, manipulate, and design materials in the nanometre scale (107 m)
will be one of the major technology drivers of the 21 century /WB/.
Fabrication falls into two basic technologies. Nanostructures made by “top down”methods (e.q.
vacuum deposition methods such as pulsed laser deposition/sputtering/e-beam evaporation,
molecular beam epitaxy often involving epitaxial growth of thin films on single crystal substra-
tes) and nanostructures made by “bottom-up”methods whereby chemistry dominates through
solution processing or by using surface energy considerations to achieve self-assembly.

5.1.1 Top-down

Progress in microelectronics is characterized by the continuous decrease of the dimensi-
ons of the components as for example:

e Multisegmented nanorods for display applications

e Using molecular thin films as precursors for the fabrication of nanostructured oxide
thin films

e Nanocrystalline metals as well as nanocrystalline/amorphous composites for
high-strength structures

5.1.2 Bottom-up

New tools have been developed allowing for the observation and the manipulation of
nanometric objects, in addition to synthetic routes based on chemistry and on self-assembling.
From nanometric objects to the construction of structures and the creation of advanced mate-
rials with novel properties and combination of properties.

Figure 5.1.2.1.
InAs Nanorods. Courtesy of IBM Research, Zurich
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5.1.3 Nanotechnology for Energy

One of the “Grand Challenges” that constitutes a truly global challenge is that of energy.

Sustainable and clean energy security is essential for the continued industrial and economic
development within the EU. Processes that are non-sustainable, or that contribute to pollution
in any form are simply unrealistic in the long term. Hence there is an overwhelming require-
ment for new developments in both materials science and in new nanostructures for energy.
Some of the key technologies are:

Fabrication of nanorods and wires by templated electrodeposition

Nanostructured magnetocaloric/electrocaloric materials for energy efficient
refrigeration

Nanostructured oxides for catalytic decomposition of water

3-D templating approaches for materials for sensing, energy and plasmonics
Quantum-dots on high area inorganic nanomaterials for photovoltaics.

Fundamental principles of electrochemical charge transport; potential application in
catalyst or solar cell optimization

Developing nano-anntenae (dipole-whiskers) for optical rectenna (energy harvesting)
devices

Nanostructured thermoelectric compounds for energy harvesting
Nanostructured energetic materials for combustion applications
Nanotechnology for electronics applications

In recent years the European presence in the area of electronics and semiconductor

fabrication has faced global competition but this also presents a considerable opportunity to
address new materials and new fabrication processes for electronics. Processes that are far sim-
pler to carry out experimentally and indeed industrially include bottom-up processes descri-
bed above, polymer nanolithography, soft lithography, embossing, ink-jet printing that have
been developed order to produce structures at very low cost.

In the area of electronics the EU has the ability to make a significant impact in:
Application to interfaces relevant to organic optoelectronic/spintronic devices
Artificial spin ice honeycomb structures and planar nanostructured ferromagnets
Quantum well narrow gap nanostructured Hall and MR sensors for imaging

Metallic nanostructures for nanoscale light manipulation
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e Multilayers with nanophotonic functionality
e Nanostructured metals for metamaterials applications: structure and processing

e Conductance of single molecules for application in nanoelectronics and
electrochemical nanoscience

e Nanostructured phononic materials for sound and thermal management

® Phase change materials are so far used as rewritable optical storage media
(e.g.in DVD-RW (rewritable) and blue-ray RW’s). In this class of materials in addition to
changes of the optical properties, the electrical conductivity can change by orders of
magnitude and this property offers a potential for the use of phase change materials as
non-volatile electronic storage media.

5.1.4 Nano-Bio Applications

The extraordinary rise in the area of nano-bio is driven by the need for healthcare at low
cost and this means both early diagnosis and then effective treatment. Nanotechnology has
a crucial role to play here both in sensing and in targeted delivery. There is a requirement to
develop chemistry at the nanometric scale: building of entities from various functional bricks.
Examples include:

e Allowing chemical compatibility with host medium (lures)

e Detection of specific media or environment (sensors)

e Ability to act in the medium (programmed or programmable delivery drugs,
molecules, or probing substances for imaging). The aim is to establish the basis for
numerous advanced techniques of diagnostic or delivery. This could also apply to the
biotechnology KET.

e Solid-state nanopores for single biomolecule sensing

e Charge transport in confined space

e Medical applications of stochastic sensing

e Enhancement of nano-traceability through studies at the micro-and nano-scale,
at the frontier with biology (biochips, unique cells and molecules) resulting in the

detection and the neutralization of micro-organisms and pesticides.
Impact is expected on environment, water, food analysis and security.
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5.1.5 Nanocomposites

Advanced functional materials are an integral part of modern technology. The current

and future research is focused on a range of thin film and nanostructured materials for electro-
nic, optical and magnetic applications. Systems which show promise both from ease of proces-
sing and resulting function are:

Polymer composites with platelike nanoparticles (layered silicates), obtained by
mixing solutions, emulsions and melts of different polymers with suspensions and
powders of nanoparticles

Polymer composites with submicro- and nanoparticles.

The goals of the investigations are:

Acquisition of the interrelationships between structure and properties of the
investigated systems

Development of the principles of the purposeful structural design

Smart control of the exploitation properties of the composites by use of MFC
(Macro Fibre Composite) and PZT (Lead-Zirconate-Titanate).

The expected results are:

Design principles and technological methods of the nanocomposites and functional
materials

Recyclable polymer nanocomposites with enhanced stress-strain, barrier, adhesion,
rheological and other properties for broad range applications

Nanocomposites with innovative sensor and actuator properties
Scientifically justified methods for the smart control of the construction properties

Composite materials consisting of MFC piezomaterials.
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5.2 Characterisation

At the nanoscale we currently have the ability to explore the potential of/use a wide ran-
ge of advanced characterisation techniques including scanning tunneling electron transmissi-
on microscopy (STEM) associated with a range of spectroscopies, for example electron energy
loss spectroscopy and Electron Energy-Loss Near Edge Structure. New surface probe tech-
niques offer fresh insights into the properties of materials at the nanoscale. Not only is there a
pressing requirement to employ state of the art characterisation tools, there is also a need for
the development of new tools to interrogate the physical, chemical, and electrical properties of
materials at the nanoscale. In particular there is currently an absence of agreed techniques to
examine directly the electrical properties of materials at the nanoscale so for example accurate
measurement of capacitance, microwave loss tangent and polarisation become a challenge in
nanostructured thin films. In addition at plasmonic frequencies the properties of metals and in
particular losses are crucial.

The following aspects should be addressed:
e Characterisation of chemistry, structure and bonding at interfaces on the atomic scale

e Developing the study of organic/organic soft heterointerfaces and hard/soft
heterointerfaces using cross sectional microscopy).

® [n-situ experimentation to study mechanical and physical properties on the nanoscale

e Development of correlative and multiscale approaches to characterisation to relate
nanoscale properties to macroscopic devices

e Developing optical methods using tagging (fluorescent nanoparticles) or multi-
photonic spectroscopy. The aim is to visualize and investigate cells, neuron networks
and could also apply to the Biotechnology KET.

e [nvestigation of fundamental properties and of growth mechanisms allowing for
progress to be made in the design and the use of new nano-systems and
nanostructured materials.



5.3 Theory and Simulation

Underpinning all these is the requirement for materials theory and simulation and in
Europe we possess World-Leading strengths. A key requirement here is the integration of seve-
ral modelling techniques in order to cover a wide range of length scales from atomic structure
to finite element modelling of large scale materials structures and processes.

There are several techniques available for theory and simulation of materials at the na-
noscale and these techniques are required to guide the fabrication, synthesis, auto-organiza-
tion and auto-assembly of nanometric objects and systems. Topics to be investigated include:

® Flectronic excitations caused by irradiation damage of metals, including channelling.
Frictional damping of atomic motion caused by electronic excitations during irradiation
damage.

® The dynamics of dislocations under shock-loading

® The atomic structures of grain boundaries in elemental systems such as silicon and
ferromagnetic iron, and in multi-component oxides investigated by novel algorithms.

® Merging atomistic and continuum approaches to facilitate predictive models
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5.4 Summary and Recommendations

Nanotechnology pervades all area of Materials Science and Engineering (MSE). Industrial
acceptance and implementation of nanotechnology is demonstrated by the global market
estimated in 2007 to be US$147Bn and predicted to rise to around USS$1Trillion in 2015.

The science and engineering at these length scales requires quite different approaches
compared with classical physics different and hence “classical” engineering must be modified
to encompass length scales at the nano level. But this brings enormous opportunity in new
materials, in materials processing for novel properties and for entirely new device concepts.

The applications of nanomaterials and nanostructures are indeed all pervasive and im-
pact on the key “Grand Challenge”areas — Energy, Healthcare and Security.

A key paradigm must be the ability to make materials and nanostructures and the ability
to measure their properties accurately. This may appear obvious but measurements, for examp-
le, of the high frequency electrical properties of nanometre dimension thin films on substrates
is not a trivial task yet is crucial for our understanding and development of new materials and
devices. The main recommendations are:

® Ensure that EU research has access to the best materials processing capability
e Ensure that EU research has access to the best possible characterisation facilities

® FEnsure that we achieve the capability to understand unequivocally what the
characterisation methods are informing us

® |n order to achieve the above we need first class theory and simulation (modelling)
of materials and structures — including atomistic simulation, molecular simulation
and the integration of these in multi-scale modelling schemes.
Europe is World-leading and we must ensure that we maintain this position.



6 Materials for Micro-, Nanoelectronics

and Silicon Photonics

6.1 Micro- and Nanoelectronics

The semiconductor industry has been a key contributor to European economic growth
and prosperity, and an important enabler of European success in the communications, consu-
mer electronics, industrial machinery, and automotive industries. The semiconductor industry
will also provide solutions for the important issues in our society and serve as the foundation
for progress in energy conservation, renewable energy, transportation, telecommmunication,
biotechnology, medical, and many other fields. Semiconductors are critical to European indus-
try and welfare, and must be prioritized to keep the European industry competitive. Currently,
there are more transistors per laptop than people on the earth and Europe needs advanced
semiconductor manufacturing for competitive production for the digital revolution.

The EU and some of its member states recognize the strategic and economic value of
the semiconductor industry and proactively support the sector by initiating R&D programmes
such as the EU framework programmes and Euréka, with specific funding lines for semiconduc-
tor-related R&D (SEA, ENIAC, JESSI, MEDEA or CATRENE). /SEM1/ Europe has a leading position
in the application of microelectronics e.g. in the telecommunication, automation, automotive,
health and energy industries.

Figure 6.1.1

Major Centres for Nanoelectronics in Europe.
Sources /ESF/, /SEM2/

Micro- and nanoelectronics is a broad field, which comprises materials science, tech-
nology (wafer, chip production etc.), circuit design and system design. In addition, materials
science links the other three fields because both circuit design and system design are based,
among other things, on the performance of active and passive devices, which, apart from the
structuring, is extremely dependent on the materials they are made of.




Materials for Key Enabling Technologies

Materialforschung ist essentiell fiir die Mikroelektronik
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Micro- and nanoelectronics means the multifunctional integration of electronic devices
where the main objectives in time have been to further increase the:
e Packing density (devices/area)
e Complexity (functions/chip; analog vs. digital, etc.)
e Multi-functionality (variety of devices, diodes, transistors, LEDs, etc)
e Signal processing rate (information/unit time).

In order to provide a reference document of requirements, potential solutions, and their
timing for the semiconductor industry, technology roadmaps have been provided starting in
the 70s. The US Semiconductor Industry Association (SIA) has produced the National Technolo-
gy Roadmap for Semiconductors (NTRS), which in 1999, became the International Technology
Roadmap for Semiconductors (ITRS) /ITR/. The most frequently cited trend is in integration le-
vel, which is usually expressed as Moore’s law (1965).

In the years beyond 2010, the line width of conventional Integrated Circuit (ICs) will ap-
proach natural limits and new approaches have to be found by combining, for example, mi-
niaturization (More Moore) with diversification (More than Moore). By merging for instance
system-on-chip (SoC) with system-in-package (SiP) solutions may be found beyond Comple-
mentary Metal Oxide Semiconductor (CMOS) technology.

Though roadmaps are needed in order to force industry thinking ahead, it soon turned
out that the trustworthiness and reliability of roadmaps is very time limited. Looking ahead
more than 8 — 10 years always turned out to be difficult if not impossible. A typical example is
the 1975 IC Technology Roadmap. According to this roadmap, the CMOS Technology should
have ended in 1982 and been taken over by the Silicon-on-Insulator (SOI) technology. As ano-
ther example, GaAs should have replaced silicon technology in 1984 and E-beam/X-ray litho-
graphy substitute optical lithography at about the same time. None of these predictions have
been realized. 25 years later, CMOS s still a dominant technology and in spite of the perfor-
mance advantages of lll-V compound semiconductors, the market share of ICs fabricated with
1V compound semiconductors has up to now always been smaller than 5% of all manufactu-
red ICs. Why?
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The answer is: economics. Market shares are in most cases determined by the perfor-
mance/cost ratio and not by performance alone. This implies that the objectives of a key ena-
bling technology are accompanied by requirements of the market, which includes lowest pos-
sible prices by minimizing costs. This implies, with regards to micro- and nanoelectronics, the
improvement of yield due to an effective wafer processing technology. In addition, being first
on the market is of paramount importance.

Whenever future applications of nano-science in electronics are considered, one should
be aware of reference points such as the implications of parallel processing and long term
projections in silicon based production technologies for 2016 and room temperature devices
which are:

® Dynamic memories with 64 GB storage capacities
Minimum feature sizes of <22 nm
Microprocessor chips with 60 billion transistors
Operation frequency of 28 GHz
Minimum device gate length of 9 nm
System-on-chip manufactured on 450 mm Si wafers operated at 0.4 volts supply voltage.
Experts are convinced that Moore's law and growth of semiconductor industry will con-
tinue at least for the next 10-20 years.

Research areas, which are presently considered as most interesting for the impact of
material science on IC technology are:

e (CMOS with high-mobility channel materials or combination of high mobility
IV n-MQOS and (strained) germanium p-MOS integrated on silicon substrates for
improved CMOS performance.

® Silicon-based THz devices in combination with other high-mobility materials

® Flectronic photonics or silicon photonics

e Organic electronic devices

e Nanotubes

® FElectric field effect in atomically thin carbon films (graphene)

e Milli-Volt switch (Milli-Volt powering should be regarded as a goal for future
digital circuits).

® Sensor networks

e Biochips
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An important impact of material science on IC Technology and Engineering is interdisci-
plinarity. Cooperation of material scientists with other research areas such as medicine, biology,
biomedicine, chemistry and mechanics has opened up completely new markets. Though these
applications are still considered as niche, they may develop into considerably larger share in the
market in the future.

122 GHz Receiver in SiGe BICMOS

Source : IHR, Frankfurt (Oder), Germany.

6.1.1 “More of Moore”

Since the beginning of the microelectronic era, the number of new materials involved
in IC fabrication has steadily increased to keep the pace imposed by the Moore’s law. Indeed,
downscaling together with performance improvement of both devices and inter-connection
networks would have been impossible without integration of many functional materials with
enhanced properties. From the sixties the number of new forms of materials so far introduced
in the CMOS architectures exceeds 20.

The challenges in terms of materials research in the “More of Moore” approach can be
divided into two categories:

e The first one is nano-materials integration and process compatibility, i.e. how to
introduce a given material with sub-micrometer dimensions in a given architecture,
with the proper characteristics, without destroying the performance of already
fabricated materials. These requirements are more and more stringent along with the
increase in complexity of multi- layered architectures. For example new ultra-low k
dielectrics of sufficient stiffness and compatibility with the multi-level backend process
are still needed to fulfil the roadmap specifications in terms of inter-connexion delays
required for the next generation nodes. At the same time, the fabrication of low leakage
and low defect high k dielectrics for the next generation CMOS gates is still an issue
under investigation.

e The second one is the physical limits of the Metal-Oxide-Semiconductor (MOS)
transistor which calls for new concepts of active devices. From now onwards, research in
the future will concentrate mostly on the integration of post-CMOS architectures with
either nano-dots, nano- wires or carbon nanotubes to maintain the pace in the
miniaturization of logic and memory devices without degrading the characteristics such
as the on/off current ratio.

In addition, critical mechanisms such as carrier or heat transport in low dimensional
nanostructures become very different from those at higher dimensions, so that new models for
nano-materials are needed to simulate the devices correctly. Predictive models will require a
more precise knowledge of nanostructures’ parameters such as grain size, defects, surface and
interface composition and chemistry of the materials.
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Following years of discussion, research and development on the new Si wafer diameter
of 450 mm has started. The objective behind the transition to 450 mm is similar to the tran-
sition from 200mm to 300mm: to raise productivity and to lower costs by an increased wafer
surface (factor of 2.25), to process more chips per process pass, supported by a paradigm shift
in manufacturing.

The research and development activities affect all areas of semiconductor manufac-
turing, ranging from wafer substrate, process equipment and metrology, to manufacturing
science. While first manufacturing facilities are not expected before 2018, these research
topics provide obvious chances for Europe to participate and lead 450 mm developments with
proven strengths in substrate material, manufacturing equipment and measurement devices.

Preparatory work in Europe has already started with initial research on silicon-based
materials, standards, automation and early prototypes of process and metrology equipment.
It is now the time for Europe to enter deeper into the worldwide 450 mm community with
coordinated R&D efforts to maintain and extend its strength as first-class supplier for semi-
conductor manufacturing for 450mm wafers. As a final benefit, the knowledge gained in
450 mm automation and process efficiency is expected to be fed back into next generation
200/300 mm manufacturing, thereby enhancing productivity for the already established
200 mm and 300 mm manufacturing facilities in Europe. Important aspects and advances are
expected to result in improved process and equipment control, green and increased energy
efficiency and equipment modularity approaching “plug and play” capabilities.

6.1.2 “More than Moore”

As the limit of Moore’s law for conventional 2D devices gets closer, a new paradigm for
downscaling using vertical multi-chip architectures recently appeared as an alternative route
to keep the pace of system integration. In this regard, the “More than Moore” approach making
use of heterogeneous 3D stacked architectures, calls for even stronger efforts to maintain a
continuous improvement of device performances in terms of speed and power consumption.
This trend motivates research on the integration of new materials such as thick conductors for
coils and vertical inter-connects, magnetic oxides for passive devices and thick dielectrics for
electromagnetic isolation.

6.1.3 Packing Density

Access to a leading and effective wafer production process is paramount for micro- and
nanoelectronics in order to fulfil the requirements of the market. Unfortunately, wafer produc-
tion in Europe has declined considerably during the last few years. One of the reasons for the
decline has been labour costs. However, due to the high degree of automation of wafer pro-
duction, salaries are no longer a convincing argument for having the CMOS production placed
in Asia. Instead, capital costs are now stated as the main issue for choosing the venue of fabri-
cation.
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Provided the necessary funding is made available at the European level two options can
be envisaged:

e The first is to invest in the most leading wafer fabrication technology with respect to
scaling and wafer size.

e The second option is to invest in 300 mm wafer production with feature sizes of 100 nm
(or even larger) and focus on diversification.

Though the first option would have a positive effect on European semiconductor com-
panies, it is nevertheless a very expensive one. Furthermore, conventional ICs are approaching
natural limits and More Moore (miniaturization) will eventually generate additional concerns
due to the high stand-by power (leakage current) and the fact that devices are already now
power-constrained.

Taking into account that the interest in diversification (More than Moore) by combining
silicon technology with other materials such as germanium, Ill-V.compounds or graphene, has
recently increased considerably, it is worthwhile considering the second option. Combining
these materials with silicon technology will have considerable effects on conventional wafer
production not only due to a significantly more complicated technology but also with respect
to equipment. It is therefore expected that the most leading wafer fabrication facilities will have
to adapt to cope with these new technologies. These multi material technologies are for the
moment restricted to niche applications. However, it is expected that these technologies will
soon produce global breakthroughs in new areas of application such as medicine, agriculture,
biology etc. Since investment in such wafer technologies at an early stage of development, is
much less expensive than the leading wafer production, it could be advisable investing in mi-
nor silicon wafer production facilities with different materials.

Independent of whether the More Moore or More than Moore approaches prevail, it is
of paramount importance that wafer production in Europe is ensured for the benefit of both
industry and the research institutions. European funding in this field would have a much larger
impact if research in micro- and nanoelectronics at universities and research centres is
supported by the presence of wafer production at the European level.

6.1.4 Complexity
As already mentioned, the interest in increasing the number of functions per chip has

increased considerably. Aspects and technologies considered as most promising for improving
the complexity of ICs are:
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e Architecture

e Operational principles

e Micro-Electro-Mechanical Systems (MEMS)

e FElectronic photonics (including waveguides and silicon photonics)
® Sensors

® Spintronics

Regarding architecture, there is a trend in going from planar gate to double gate (fin-
fet)/trigate and further to wrap gate allowing for ultimate scalability. A major concern is the
integration of nano-materials and process compatibility i.e. how to combine a hybrid material
with sub-micrometer dimensions with a given architecture while, at the same time, keeping
the desired characteristics performance of already fabricated materials. These requirements
are more and more stringent and go along with the increased complexity of multi- layered
architectures.

The fabrication of low leakage and low defect high k dielectrics for next generation
CMQOS gates is still an open issue with different possible options.

When considering operational principles, one should realize that, as an example, Metal
Oxide Semiconductor Field effect Transitors (MOSFETs) are limited by so called inverse sub-
threshold slopes, which cannot exceed 60 mV/decade. To achieve steeper slope devices, the
presently most promising candidates are Tunnel FETs (TFETs). However, Si-based TFET devices
are limited by the drive current. Non-Si alternatives such as Ill-V hetero-structures based on
small band-gap materials like InSb are considered as interesting alternatives. But steep slopes
over several decades have yet not been demonstrated.

These few examples show that more intensive research is needed to improve the
operational principles of IC devices.

Sensors are needed for many applications. Micro- and nanoelectronic sensing principles
make use of virtually any imaginable physical property of semiconductor material (electronic,
electro-magnetic, mechanical, photonic, piezo-electric etc.) and translate it to electric quanti-
ties (current, voltage, power). Smart sensors containing digital signal processing and commu-
nication interfaces will permeate our life in the future with increasing intensity at home, in the
car, in the working environment and on (and in) our body. They will be integrated in appliances,
textiles, and production lines and will communicate wirelessly with one another, implying that
for an effective application of sensors the complete exploitation of interconnectivity is crucial.
In order to make these applications feasible, a combination of technologies will be necessary.

Taking into account the complexity of the involved technologies and the economic
potential it is paramount that sensors are considered as one of the most urgent research areas.
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Conventional electronic devices rely on the transport of electrical charge carriers in a
semiconductor such as silicon. Several attempts have been made to exploit the spin‘ of the
electron rather than its charge to create a new generation of spintronic devices which will
be smaller, more versatile and more robust than those currently making up silicon chips and
circuit elements. Spin orientation of conduction electrons survives for a relatively long time,
which makes spintronic devices particularly attractive for memory storage and magnetic sen-
sors applications. Some researchers are convinced that spintronic devices may even be used for
quantum computing where electron spin would represent a bit (called qubit) of information.

Future applications of spintronic devices will include spin-based transistors having
advantages over MOSFET devices such as steeper sub-threshold slope. Considering that the
potential market of spintronic circuits is believed to be worth hundreds of billions of dollars a
year, this area should be regarded as one of the most promising in micro- and nanoelectronics.

Due to their importance in the European context, silicon photonics and MEMS techno-
logies are described separately in the following sections of the document.

6.1.5 Multifunctionality

Presently, several approaches are considered as most promising for improving the mul-
tifunctionality of devices in micro- and nanoelectronics and these are:

e Silicon based THz devices

e CMOS with high mobility channel materials or combination of high mobility IlI-V nMOS
and (strained) germanium pMOS integrated on silicon substrates for improved CMOS
performance

e Silicon photonics and heterogeneously (Ill-V / Si) integrated photonics
® Flectric field effect in atomically thin carbon films (graphene)

® Biochips

e Power electronics.

High-speed silicon-based hetero bipolar transistors (HBTs) with fmax up to 0,5 THz have
been developed and produced in Europe for more than a decade. Recently a 2.0 ps world record
gate delay for SiGe HBTs has been announced by IHP (Frankfurt/Oder) in competition with world-
leading companies like Intel and IBM /IEDM/. Approaching the THz region allows the realization
of cost effective solutions for applications in areas such as security (airport control), production
checks (quality control), astronomy and science (THz spectroscopy), biometry and biomedicine
(identification of health problems, THz tomography), short-range wireless communication and
data transmission as well as military applications. It is therefore no surprise that the interest in
such devices and circuits is overwhelming in spite of the fact that they are still covering niche ap-
plications. However, as mentioned earlier, due to the multidisciplinarity it is expected that at least
some of these application may develop into products with large market shares.
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The example of silicon based THz devices shows once again that investments in private
wafer production specialized in niche areas such as THz devices and circuits may be reasonable
ventures for strengthening the competitiveness of European companies. Though the speed
limit of silicon-based THz devices is expected to be around 1 THz, further improvements of the
silicon technology is expected due to the heterogeneous incorporation of other materials such
as IV compounds and germanium. The heterogeneous incorporation of other materials is not
only of interest for THz devices but will also be of great importance for other devices such as
the CMOS technology.

GaN-based semiconductors, for example, are wide bandgap materials that feature a
higher breakdown-voltage (threshold) than conventional semiconductor materials, such as sili-
con or GaAs. By using different channel materials, MOS transistors with very diverse properties
can be produced, which allow for design circuits with unpredicted assets. Nitride semiconduc-
tor power transistors on a silicon substrate, for example, show improved control and suppres-
sion of electrical currents when powered off. Using different materials also allows changing
the structure of the devices. For examples, by tailoring the layer beneath the gate electrode
improves controllability of threshold voltage that intercepts electrical currents, to enable low-
power losses, high speed switching, and high-temperature operations.

CMOS with different channel materials integrated on silicon substrates will improve
CMOS performance considerably and is therefore considered as one of the most interesting
developments in the near future.

Biochips are currently not made from semiconductor materials but from plastics or glass.
Fluidic channels, electrodes, pumps and receptor molecules can be integrated in these subst-
rates. Typical biochips have sensor functions, such as the detection of DNA, RNA, proteins, an-
tibodies etc. Semiconductor biochips are still under research. The most well-known semicon-
ductor biochips are probably implantable integrated circuits for electrical excitation or readout
of neurons (e. g.“retina implant”). Since integrated electronics on plastics or glass are not readily
available, conventional biochips have no integrated signal processing electronics. On the other
hand, semiconductor biochips have a huge potential for medical and even consumer applica-
tions due to their high integration level, miniaturization, and low cost. This implies that medical
costs could be dramatically reduced for well-known analytic methods and expensive analysis
methods could be made available to everybody (e.g. DNA analysis). Furthermore, analysis of
single cells can be performed with unprecedented accuracy, and mobile and patient-operated
analysis, as well as tele-medical applications, will enable better health care and prophylaxis.

In conclusion, biochips based on micro-and nanoelectronic circuitry will be of greatest
interest for medical applications in the future.




Materials for Key Enabling Technologies

6.1.6 Signal Processing Rate

Higher clock rates, logic and memory density, as well as cost per function are the main
drivers for ever increasing information processing and transport requirements. Here the com-
bination of electronics and photonics at chip or packaging level offers the path to overcome
current bottlenecks. As mentioned earlier, this includes most advanced CMOS on the one hand
but integrated devices with near-THz Radio Frequency (RF) performance would also be high-
ly desirable (e.g. SiGe HBTs, hetero-integration of lll/V devices). Though much research is still
needed, the expectations in realizing “silicon photonics”are very high because such a techno-
logy would make possible functionalities such as terabit-on-chip as well as integrated and fully
functional coherent and non-coherent opto-electronic transceivers for short- to long-range
data links. Once the limits of More Moore are reached, technologies as the ones mentioned
above are the solutions for future developments of micro- and nano-electronics and should
therefore get the highest attention.

6.2 Carbon based Nanostructures

The International Technology Roadmap for Semiconductors (ITRS) has identified an end-
of-life for scaled complementary metal-oxide-semiconductor (CMOS) technology around 2022.
In a recent Workshop, sponsored by ITRS on “Beyond CMOS"technology, carbon has been iden-
tified as the most likely next platform for microelectronics, because of the huge development
in the science and technology of carbon-based materials (fullerehes, Nanotubes, graphene and
graphene nanoribbons) for MOSFET applications. One of the most peculiar and interesting as-
pects of carbon is the fact that exists a large number of modifications which show different
structural and electronic properties. For a series of recent review articles see e.g.. /MRS3/.

Carbon in its three-dimensional single crystalline form of diamond is a wide gap
semiconductor and in principle useful for high frequency, high temperature, and high power
electronics as well as a material for exploratory work for room temperature quantum commu-
nication and computing. Nanocrystalline diamond films find applications in NEMS and MEMS
devices.

As a strictly two-dimensional material carbon ‘graphene” is a zero-gap semiconductor
which has already been used to fabricate transistors for radio-frequency applications with cut-off
frequencies of up to155 GHz, as realised by IBM researchers /NAT/. With rolled sheets of graphene
quasi-one-dimensional structures (with respect to their electronic conductance) can be formed
which are called carbon Nanotubes. These exist both as metallic and as semiconducting nanotu-
bes of different size and structures. High performance field effect transistors operating up to 80
GHz with on-off ratios of 10° and even circuits (ring oscillators) were fabricated and furthermore
the suitability of carbon nanotubes for photonic devices has been demonstrated as well /MRS4/,
/MRS5/. A major obstacle for their wide-spread use is the fact that to date, it is difficult to produce
large amounts of identical carbon nanotubes. Most synthesis methods yield nanotubes of diffe-
rent sizes and structures. Recently some progress has been reported based either on separation
technigues which discriminate between different sizes and structures or following another route
employing selective growth in order to maximize nanotube alignment and minimize their diame-
ter distribution /MRS7/. Finally, in buckyballs or fullerenes the electrons are confined in all three
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dimensions of space and thus in this form carbon exists as a quasi-zerodimensional material.
Derivatives of these fullerenes have found applications in organic electronics and optoelectronics.

A discovery, which recently has generated great attention, is graphene, a strictly two dimen-
sional material, in which carbon atoms are arranged in hexagons in a single atom plane with elect-
rons confined strictly to this two-dimensional plane /SCI5/. Theoretical models have predicted that
graphene could make transistors more than a hundred times faster than today'’s silicon transistors.
Arrays of hundreds of graphene transistors have already been made on a single chip /MRS6/.

Although today’s transistors based on graphene still fall far short of the material’s ultima-
te promise, there is evidence that grapheme, because of its properties, could be practical for
future generations of electronic applications.

From a fundamental standpoint, graphene’s most exiting capability is the fact that its
conducting electrons arrange themselves into quasi-particles moving at 1/300 of the speed
of light, mimicking relativistic laws of physics /SCI5/, /MRS6/. Graphene is a gapless semicon-
ductor and with an applied gate voltage both the conduction type (n-type or p-type) as well
as the carrier concentration can be changed. Most notably devices fabricated from graphene
show characteristic properties such as room temperature mobilities superior to those in well-
developed CMOS transistors /MRS6/.

If the extrinsic disorder in graphene is eliminated, higher room-temperature mobilities
than for any known other semiconductor are expected over a technologically relevant range
of carrier concentrations,

Furthermore, graphene has an extremely high thermal conductivity up to 5 000 W/
mK at room temperature, which is about 20 times higher than that of copper and can sustain
current densities up to 5 X 108A/cm? The combination of these properties could ensure almost
no heat generation in the devices.

Because of its gapless nature, graphene based field effect transistor (FET) devices exhibit on/
off ratios of approximately only 100:1 and this fact renders them not directly suitable for digital elec-
tronics, however, it is sufficient for analog device applications /MRS6/. High frequency FETs with
cut-off frequencies of about 100 GHz were reported in 2010 by the Avouris group at IBM /SClé/.
Quite recently this group has reported even higher cut-off frequencies of 155 GHz for 40 nm gate
length devices using chemical vapour deposition techniques to grow single layer graphene copper
foils which was subsequently transferred to diamond-like carbon films grown on SiO, /NAT/.

Graphene holds promise for use in high-frequency transistors even in the THz regime.

To widen the possible electronic applications of graphene efforts to introduce an open
energy gap have been made. Three routes have been followed so far /MRS6/:

a) Graphene nanoribbons
b) Chemically modified graphene as graphane
c) Bilayer graphene sheets to which a perpendicular electric field is applied.
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Graphene nanoribbons are produced using lithographic and etching techniques whe-
reby a band gap is created by carrier quantum confinement. For the chemical modification
of graphene a reaction with atomic hydrogen is used, whereby “graphane’, is formed, a semi-
conductor with a gap < 3.5 eV. The third possibility is to use bilayer graphene and applying an
electric field perpendicular to its layers which opens a gap of about 200 meV.

Graphene-based open gap materials hold the promise for future CMOS logic devices.
Graphene is now also being studied for applications beyond conventional CMOS, like spintronics.

Among its further extraordinary properties is its extremely high mechanical strength with
a breaking strength of about 130 GPa (about 2 orders of magnitude higher than that of steel).

Apart from the exfoliation technique, epitaxial growth of graphene on silicon carbide
has been demonstrated successfully and lately large graphene sheets about 30 inch (75 cm)
wide have been deposited by chemical synthesis from a methane and hydrogen mixture on
polycrystalline Ni and Cu substrates, paving the way for large scale graphene based electronic
and optoelectronic devices/NATNANO/.

Graphene with its high optical transparency combined with its high electrical conduc-
tivity and its flexibility makes it extremely appealing for future optoelectronic applications.
Currently, graphene is one of the most exciting materials and all efforts should be taken to
study this material on a broad basis to assure a leading European role also in the industrial
exploitation of this material.

Figure 6.2.1
Carbon Nanotubes (left)
and Graphene (right).

Sources : Siemens (left) and Welt Der Physik (right).

6.3 Micro- and Nano Electro-Mechanical Systems Technology (MEMS and NEMS)

During the last two decades the MEMS technology has gained in maturity with a variety
of materials and architectures never encountered before in the CMOS technology. The new
challenges concerning the control of mechanical properties of self-standing multilayered mi-
crostructures or the integration of multi-physics effects in a single device have been taken up
by tuning materials properties such as stiffness, stress, refractive index, as well as chemical or
biological affinity. However, the demand for even smaller and more power efficient devices
pushes forward the limits of the MEMS performance with a pace imposed by new societal
needs in sectors such as transport, telecommunications, energy, videogames, health and se-
curity. This trend calls for new requirements in terms of size reduction and design of materials
with very specific and well controlled properties such as ultra-thin or nanostructured che-
mical or biologic films for biosensors or bio-MEMS, porous materials with very high specific
surfaces for lab-on-a-chip functions and also micro-machined nano-cantilevers or rotating



nanostructures for power MEMS devices that can withstand millions of deformation cycles
without breaking. In addition, the packaging at the wafer level is a critical issue to achieve
reliable and low cost devices and thus requires careful design of protective materials mostly
for in-vivo or harsh environments.

The progress in the microelectronics or MEMS industry will continue at the expense of a
steady effort in materials science, with the main following scientific objectives:

® Materials multi-scale processing (combined top-down and bottom-up approaches)

® Nanoscale characterization and modelling of materials (e.g. nanoprobes for surface
and bulk measurements)

e Study of surface and interface physics and chemistry of materials

e Nanostructured active materials (nanoelectronics, spintronics, nano-optics,
nano-sensors and nano-actuators).

Figure 6.3.1.

Low-temperature thin-film hydrogenated
amorphous silicon bulk MEMS resonator on
e e TS a glass substrate. Courtesy of INESC-MN,
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6.4 Power Electronics

Power microelectronics currently represents 30% of the semiconductor industry. Euro-
pean largest semiconductor industries (STMicroelectronics, Infineon, ), are considered world-
wide market leaders in power electronics with a broad portfolio. In addition, there are many
SME dedicated to equipment (LPE, etc.), materials (many new companies are arising such as
SiCrystal, Azzurro, etc.) and device fabrication. This collection is of strategic importance for many
areas such as automotive (future electrical and hybrid vehicles will reduce power consumption
and CO, emission by the use of advanced electronics for engine control), energy production
and use (wind, photovoltaics), communication (power servers, cellular bridges, base stations),
power transport and transformation (from the grid to the system AC/DC and DC/DC conver-
sion), consumer electronics and electrical household appliances. Many of these applications
require high fidelity components (for safety, for example in automotive, security in industrial,
and longevity in consumers) and low cost.
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Certainly, energy consumption is going to become a major issue. At present about 2% of the
electrical energy consumption is due to products related to the information technology industry like
data centres, computers, wireless routers etc. Within the next 10 years this share is expected to increase
to 20%. While energy management of many products like cell phones is an important asset, many “side
products’like chargers for mobile phones, MP3 players etc. are only optimized for low production cost,
but energy consumption is not taken into account. The use of high efficient GaN/AIGaN High Elect-
ron Mobility Transistors (HEMTs), for example, can reduce the power consumption in wireless base
stations up to 30%. In addition, these technologies are also extremely desirable for energy efficient
RF power amplifiers (wireless base stations, mobile phones, tablets, etc). For the development of a
“zero power dissipation technology’, systems are required that work with power off during stand-by,
which allows for significant power savings: currently, for instance, many wireless routers are on 24/7
for convenience reasons, but actually used only for a small fraction of this time; standby power con-
sumption makes a large fraction of the total power consumption of many such devices. As in many
other areas, hetero-integration of Ill/V devices with silicon will solve most of these problems, which
makes this technology as one of the most important technologies for future microelectronics.

New and advanced power devices can successfully face address at least two sectors: the
transformation and the use of energy, but also the transportation can take advantage by more
efficient solid state switching power cabins. Power production by both photovoltaic and wind
requires DC-DC and DC-AC converters. They exhibit up to 99% efficiency in the best working
conditions, but this value can decrease down to 80% in poor environment and working condi-
tions (high current, low dissipation).

It can be argued that the systematic and progressive introduction into the market of
systems based on new high efficiency and intelligent power electronics will allow EU to save
about 3% of power consumption per year, allowing to meet the request of an increasing
energy demand by power saving.

As a consequence, power saving will become a need, and the energetic class will be
the characteristic defining the products on the market, which is so far only established for
household appliances. Energetic restrictions and requirements that determine products’
chracteristics will become increasingly stringent.

For these reasons, it is tremendously timely to develop research activities in material
science to engineer power saving and energy efficiency in power microelectronics.

The research trends in wide band gap semiconductors are based on high quality large
dimension 4H-SiC wafers and high power switching devices, GaN HEMT on SiC for power
applications and GaN on Si for low power applications. Advanced research is addressed to
improve the power device performances using nanotechnology but starting from the needs of
specific power applications and systems.

Figure 6.4.1.

Processed GaN-based amplifier circuits.
Source ©fraunhofer IAF
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6.5 Silicon Photonics

The enormous upsurge of communication industry has increased the demand for effici-
ent and low-cost optoelectronic functions, while integrated photonic devices are becoming
also of increasing importance for molecular sensing. In addition microelectronics is facing the
interconnect bottleneck where due to the increased integration signals transmission is the li-
miting factor in the device speed and a solution is forecast in the use of optical interconnects.
All of these aspects require the development and fabrication of cheap, integrated, and CMOS-
compatible photonic devices. Indeed, silicon-based microphotonics has been under great scru-
tiny in recent years. The prospect of extending a massive, low cost electronics manufacturing
platform into the photonics domain is the subject of much research and debate. It has become
obvious that an important driver for the debate is the intrinsic distance x bandwidth limitation
of electronic communications links. In other application domains, typically, photonic links are
utilized once these electronic limitations have been encountered. Photonic link standards of
many kinds have been developed to support such demands in the past. These standards re-
present a historical context for a silicon microphotonics roadmap—and yet they may impede
its development. A roadmap is starting to emerge focused not on how silicon microphotonics
can implement existing standards, but rather on how silicon microphotonics can support the
advance of network bandwidth in an important way.

Silicon photonics, i.e. the integration of photonics and silicon technology /NPH, PHO,
I[EEEQE/ includes the generation, emission, transmission, modulation, signal processing, swit-
ching, amplification, detection and sensing of light. This is one of the key issues for the future of
micro-and nanoelectronics /ITR/. Since the material properties of silicon do not allow to fulfil all
these requirements, it is obvious that incorporation of other materials into silicon technology
is a necessity. To provide a truly compelling solution, silicon microphotonics will likely need to
achieve a high degree of monolithic integration with at most a small degree of hybrid integra-
tion, in order to offer both low cost and increased functionality. This will probably involve new
photonic materials, (e.g. Ge, BaTiO3, SiON, etc) and nanomaterials (nanocrystals, nanowires).
Although this adds manufacturing complexity, this trend is also occurring in advanced CMOS
to allow Moore's Law scaling and new functionality, such as high-k gate dielectrics and MRAM's.

The main drivers for this technology are twofold:
(i) High speed data transmission both for short and long range data links
(i) High performance interconnects

The final aim will be to integrate waveguides, modulators, multiplexers, photodetectors
and active devices like light-emitting diodes and even lasers and high speed electronics on Si
based platforms /PHO, NPH, IEEEQE/.

Photonic solutions will also help to decrease the so far rather large and still increasing
power consumption of electronic circuits and interconnects with the presently used copper
links. It is foreseen that the traffic capacity on a multi-core central processing unit (CPU) of
a computer will reach tens of Terabit/s (Tb/s) within the next decade making optical inter-
connects the most practicable solution /PHO/.
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The lack of efficient Si-based light sources currently represents the main bottleneck for
the development of silicon photonics and for the merging of electronic and optical functions
on the same chip /PHO, NPH, IEEEQE /. Silicon is a poor light emitter because of its indirect
fundamental energy band gap. During the last twenty years many efforts have been made to
develop new strategies to increase the efficiency of light emission in Si. New advanced materi-
als (strained Ge or Si-Ge-Sn structures, porous Si, Si nanocrystals in a SiO2 matrix, Si-Ge islands,
Si-based films and nanostructures containing Er or other rare earth ions, nanocrystals of op-
tically active compounds) and nano-fabrication tools (e-beam lithography, nano-imprinting)
are currently playing an important role in this field. Although limits and perspectives of Si na-
nocrystals and Er-doped Si nanostructures for applications in photonics are clearly visible, ad-
ditional future efforts for improving their optical performances are needed. It is of extreme
importance, however, to explore also other routes for example Si nanowires and different rare
earth elements.

A crucial challenge for the future widespread application of silicon photonics will be
encountered by the coupling of optically active species (Si nanostructures and/or rare earth
ions, SiGe islands, strained Ge quantum wells) with photonic crystals and nanocavities /NPH/.
Photonic crystals allow the accurate tailoring of light propagation and confinement by a perio-
dic modulation of the dielectric constant. Such structures can be used to enhance light-matter
interaction and to increase the light extraction efficiency. In this respect the SOI (silicon-on-
insulator) platform should be explored in great details for photonic applications and the use of
defects and dopants in single crystal silicon for light emission, in view of the strong enhance-
ment provided by photonic nanocavities, should be revisited in details.

Efforts have to be mainly focused on novel strategies such as silicon nanowires, different
rare earth elements, nanocrystals in novel CMOS-compatible hosts, defects and emitting
centres in SOI. The strong coupling of active emitting centres and photonic crystal nanocavities
needs to be investigated thoroughly.

For the successful implementation of silicon photonics it will be of utmost importance to
ensure the compatibility of the above discussed novel materials and devices with CMOS
fabricationprocesses/NPH,PHO/.Anylargerscaleindustrialapplicationofinnovative Si-basedlight
sources will necessarily require electrical excitation of the active materials .

Particular attention should be also given to the electrical contacts needed for the
electrical excitation of the system, which should be made of transparent and conductive
materials. To achieve this goal graphene-based contacts might turn out as a possible solution.

In the following the present status of the key elements for Si photonics is summarized,
for further details see a series of review articles /NPH, IEEEQE /.
6.5.1 Present Status

Modulators: For the wavelength region used for telecommunication (1.3 and 1.55 um)

so far most Si-based modulators use a change of the charge carrier density by applied electric
fields to modulate the refractive index. Carrier depletion based modulators with transmissi-



Materials for Key Enabling Technologies

on rates > 40 Gbit/s were reported /NPHO3/. Recently the quantum confined Stark effect in
multilayers consisting of Ge-rich quantum wells and SiGe barriers on substrates compatible
with Si technology has been exploited for electric field induced changes in optical absorption
/IEEEQEI/.

Despite impressive advances there are still a lot of improvements necessary: the advanced
modulators must be compatible with CMOS technology, and apart from high modulation
speeds they should handle large bandwidths with low losses and low power consumption

Detectors: Considerable advances have been made in high performance detectors
which involve epitaxially grown Ge or GeSi layers on Si substrates /NPH4/ with high responsivity
from near infrared to visible wavelength region together with comparable fast response time.
Waveguide integrated detectors enable monolithical integration on a Si wafer. Integration with
Si based read-out circuits makes such detectors suitable for both high performance data links
as well as for infrared imaging. So far the highest reported efficiency bandwidth product for a
waveguide coupled Ge detector is 30 GHz at a bias of 1V /NPH4/.

For high bit-rate optical communication systems avalanche photodetectors (APDs) are
used and recent progress has demonstrated that Ge/Si APDs can achieve at least comparable
or even better gain-bandwidths products (approximately 340 GHz) and comparable sensitivity
as the so far used IlIl-V compound APDs, notably InP based ones /IEEEOF1/ ,/NPH6/.

Light sources: Since both Si and Ge are indirect band gap materials there is no efficient
radiative recombination resulting in very low internal quantum efficiencies for light emission
in Si or Ge bulk crystals. However, for nanostructures an enhanced light emission has been
reported for systems like Si nanocrystals, Si nanopillars, porous Si, Si/SiO2 superlattices, Si na-
nowires and in some of these even optical gain was observed /NPH5/. Another route which is
being pursued is based on MOS-like structures consisting of erbium doped silicon dioxide (or
silicon nitride) layers containing Si nanoprecipitates. The carriers are injected in the structure
through tunnelling and the recombination of exciton in the Si nanostructures excites internal
transitions in erbium. In addition, efforts in exploiting electrically excited light emission from
defect transistions in Si have been made and quite efficient emission has been achieved from
the recombination of carriers confined at dislocation loops . While light emitting devices have
been obtained, with all these approaches no continuous wave (cw) electrically excited lasing
at room temperature has been reported so far.

Optically pumped lasing has been reported by exploiting stimulated Raman scattering
in Silicon. In this case particular attention was taken to remove carriers within a reverse biased
p-i-n waveguide in order to avoid free carrier absorption. Gain and even lasing was also claimed
to take place in optically pumped Si/Ge/Si heterostructures for a wavelength of about 1.6 um
by exploiting transitions at the direct band gap in tensile strained and highly doped Ge layers
/OPL/.Whether such structures can lead to an electrically pumped diode laser remains to be seen.
Today injection lasers which operate in continuous wave (CW) mode at room temperature on
a Si wafer are, however, only hybrid lasers. These are fabricated by bonding a Ill-V compound
semiconductor, usually InP, onto silicon on insulator (SOI) substrates. A typical structure consists
of a p-InP active layer and p-InGaAs and n-InP cladding layers and up to six inch wafer sizes with
such hybrid structures have already been realized /NPH2/,/NPH5/.
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Photonic integrated links: Companies and research Institutions like Intel, IBM, Hewlett
Packard, Luxtera, Kotura, ST Microelectronics, Alcatel Thales, LETI, IMEC, the Microphotonics
Center at the MIT, and others are investigating the implementation of Si photonics since an
optical communication system in or between chips would finally allow for much higher band-
widths than presently feasible. The fabrication of entire systems with at present still hybrid la-
sers, modulators, multiplexers, optical couplings, and detectors is difficult but progress is fast:
e.g. Intel has already announced that it can integrate all the optical building blocks on single
receiver and transmitter chips. An integrated link operating at 50 Gbit/s over a single fibre has
been achieved and suggestions for further upscaling the bandwidth have been made /NPH2,
IEEEQE/.

It is foreseeable that there will be an important market for optical fibre links-to-connect
PC devices with their periphery for data transfer.

6.5.2 Future Trends

In the field of photonic communications certainly high speed data transmission and
high performance interconnects will become essential. The driver to implement photonics so-
lutions is the necessity to reach the bandwidth range of Tbit/s /PHO, NPH2/:

Silicon-based photonics will also have an impact in fields like imaging and sensing, and
can be expected to have important implications for biological and medical applications.
Furthermore advanced imaging techniques will profit in future from a combination of optical
sensors with Si photonics

Substantial impact can be expected also in the field of high-efficiency Si-based solar
cells where nanocrystals and rare earth doping can be utilized to widen the range of spectral
sensitivity by converting one short wavelength photon into two or by combining long wave-
length photons to form one photon with shorter wavelength. A substantial increase in effici-
ency is expected from such technigues. Si photonics is a technology which has the promise to
provide comparatively low cost and high volume solutions for data processing and photonic
communications and thus will play a key role for the European economy, not only for the
telecommunications industry.

6.6 Conclusions and Recommendations

From the examples above — many more could have been given — it is clear that micro-
and nanoelectronics is probably the key enabling technology. Beside the technological and
economic importance of electronics itself, almost all other fields depend to some extent on
the developments made in electronics. It is also clear that in the next one to two decades the
development successfully followed in the past decades will reach fundamental limits. Several
promising solutions to overcome these limits, like graphene or photonics, are on the horizon,
and pushing research in those fields could ensure Europe holds or regains the leading role, with
quite obvious impact on the European economy and society.
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7 Biotechnology

According to the reference documents on KETs, biotechnology here was taken in the
restrictive meaning of “Industrial Biotechnology” or “Biological Engineering” (“Biotechnology
brings cleaner and sustainable process alternatives or industrial and agrifood operations”) /EC1,
EC2/. Considered excluded from consideration in this particular KET at this moment are then
aspects such as biomedical and health applications, environmental monitoring and mitigation,
and nanobiotechnology, which are in general considered to be part of the field of biotechno-
logy/bioengineering.

Although health sciences and technologies, for example, have not been included so far
in the KET documents as such, some aspects are partially covered in the "Advanced Materials”
and “Nanotechnology” topics. Nevertheless, the importance of this field is such that it is propo-
sed that the KET on Biotechnology be expanded to include health sciences and technologies.

In the field of biotechnology related to health, Materials Science and Engineering (MS&E)
can have an important contribution in:

e molecular and cellular diagnostics, where the ultimate goal is to identify disease at the
earliest possible stage, ideally at the level of a single/few cells and/or single/few mo-
lecule, namely through the development of novel biosensors, BioMEMS/lab-on-a-chip
systems, and analytical tools;

e drug delivery systems, where the long-term objective is the ability to target selected
cells and/or receptors within the body and deliver a molecular payload, namely through
the development of nanoparticle engineered systems;

® regenerative medicine, where the focus is to treat disabling chronic diseases and to help
victims of disabling injuries, through the application of tissue engineering and advanced
biomaterials.

It is proposed that the remit KET Biotechnology be expanded to include biomedical and
health science and technologies. This KET would benefit from the recent MS&E advances in
bioelectronics, bionanotechnology and biomaterials for applications in diagnostics, drug
delivery and regenerative medicine.

From the point of view of the contribution that MS&E can bring to this KET as it is cur-
rently formulated, the input is limited. Although the biotechnology reactors are obviously fabri-
cated from specific materials, and, namely in the cell or enzyme support systems, the chemical
and physical properties of the support materials is an important materials design issue, MS&E
considerations are not dominant.
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Itis a different matter if one considers the contribution that KET Biotechnology can bring
to MS&E. It is challenging to consider a new paradigm in which renewable agricultural and
animal farming products can be made into an important source of new engineering and func-
tional materials. This perspective is mentioned in some of the documents and would represent
a significant change in outlook for MS&E.

Materials resulting from processing of renewable biosources such as wood, rubber, texti-
les, and paper have long been used. To achieve a qualitative change of the current situation, in
which most materials are processed from non-renewable sources, the success of a KET in Bio-
technology from the point of view materials production would have to combine the following
factors:

1) Advances in biosciences, namely in genomics, proteomics and systems biology, as
well as in molecular and cellular engineering, which allow the design of novel organisms
with specific characteristics, e.g., production organism and process development from
raw material to chemicals and materials by cell factory concepts;

2) Development of MS&E structure-properties-processing-performance know-how
relating to engineering and functional materials from biosources;

3) Synthetic biology integrating different scientific disciplines and engineering and thus
allowing designing and constructing new functionalities and building blocks for cell or
cell chassis production of novel functional and structural materials.

The ambitious objective proposed in this KET to develop biotechnological industrial
processes in which bio-organisms would produce, either semi-assembled or in the form of
building blocks, different designed advanced materials with an ambitious set of properties
competitive with those of metals, semiconductors, fossil fuel-derived polymers, and ceramics
and glasses, is strongly endorsed.

It is important to stress that currently there is no integrated scientific or technical know-
ledge on how to achieve the above mentioned objective, although efforts in developing bio-
based materials focused mostly on fibre production are underway.

At the current stage, it seems that the following two approaches could be taken:

e Support for basic research and development in the field of biotechnological production
and characterization of engineering and functional materials, both from a biomimetic
point of view and also via the de novo design of microorganisms.

® Investment in the integration of a strong MS&E formation in Biotechnology courses and,
likewise, ensure a strong Biotech background in MS&E and engineering courses in
general. The mutual understanding of these communities' knowledge basis is indis-
pensable for progress.



Materials for Key Enabling Technologies

8 General Conclusions

Innovation is often supported by invention, the creation of a new idea, made manifest,
which only needs to be a theoretical concept and thus may not always result in a product.
Invention is a highly creative process. An open and curious mind enables one to see beyond
what is known. Inventors think outside of the box. Business people used to say:“Invention is the
conversion of cash into ideas” Innovation is the conversion of ideas into cash.

In spite of receiving a large part of the Furopean research funding, the efficiency of Eu-
ropean Research Area (ERA) concerning innovation is questionable, considering that only 15%
of high tech products originate from Europe. In the proposal for the decision concerning the
7™ framework programme (FP7), the EU Commission has pointed out that “it is paramount to
overcome one of the key European weaknesses the “European Paradox”—in generating splen-
did scientific knowledge and insufficient ability to convert this knowledge into innovation and
commercial products”.

Furthermore, in one of the European Commission’s communications (2004-353), the
Commission worries about the fact that “Europe lacks sufficient capacity to transform know-
ledge into products and services”. As one of the reasons for these shortages the Commission
points out that “today’s infrastructure in Europe does not always meet the requirements of
industry”.

There is an increasing consensus in the European scientific community that the core of
“European Paradox”lies in the weakness of the European research structures and coordination.
In most European countries inventions are supposed to arise in the academic world, while the
innovation process is taken care of by the private sector, but the lack of an effective and const-
ructive collaboration between these two sectors impedes the required transfer of knowledge.
This difficulty is based, among other things, on the fact that the objectives and goals of the
private sector are completely different from those of universities, and that communication bet-
ween the two sectors is often hampered by the increasing interdisciplinary nature of science,
which has become a dominant factor in many research areas. This is particularly true for the five
key enabling technologies due to their interdisciplinary and multifaceted nature. In this con-
text, KETs development and deployment will certainly depend upon the success in addressing
the "European paradox”.

We support the results of the analysis and the statement of the High Level Group high-
lighting the “need to further reflect on the lack of appropriate financial ecosystems, along with
limited financial instruments to address KET issues, risk taking in funding large-scale capacity
expansions in KET production technologies and public strategic procurement and the current
absence of a European IP patent”/KET./




As a final remark, the authors would like to note that new ideas are often created by re-
search and are more easily generated through front line research than through improvements
of existing ideas. Basic research and in particular curiosity driven research are therefore impor-
tant prerequisites for generating new ideas and seeing beyond what is known. In promoting
innovation all efforts are therefore needed to ensure that scientific institutions are able to per-
form basic and curiosity-driven research at the highest level, even in the future. Furthermore,
there is a critical need for closer ties between the academic world and the private sector and a
very good example of where this is being implemented successfully is the increasing number
of spin-out companies generated by University research.

Evolving research results into innovation (products, technologies, services etc.), proof
of concept demonstrated by prototypes and on pilot lines that meet the technical standards
of modern production lines, accelerate the transfer of knowledge to production, e.g.: to the
market. This is because adaption processes that are expensive and always fraught-with-risk are
not directly necessary. However, this indeed requires that there are European research centers
in the field of key enabling technologies that meet the high standards.
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1 OVERVIEW

The aim of this report is to outline and understand the mechanisms involved in the
transfer of knowledge from researchers and research institutions to industry within the United
States photovoltaic sector.

Approach

It is evident that understanding the intricate details for the transfer of every idea or the
birth of every start-up company that emerges in the PV would be overwhelming. However, this
report simplifies the prominent and successful mechanisms in the US, to understand the gene-
ral methods of technology transfer and the current policies and community initiatives available
for facilitating the launch of new companies. In addition, the report briefly covers some of
the barriers that can prevent certain research initiatives from reaching the market. The general
mechanisms are introduced and discussed in the first chapter. In the following chapters, the
report attempts to answer three simple but fundamental questions regarding photovoltaic
technology transfer in the US:

e Where are most of the ideas generated and what is the relationship between academia,
national laboratories and industry?

e What is the role of the inventor/researcher and who is granted the intellectual property
rights and the rights for licensing the technology?

e Where does the funding come from and what pathways are in place for pushing these
technologies to the market?

The final chapter is an overview of technology transfer is the final section is devoted to
showcasing two prominent companies involved in state-of-the-art PV research and understan-
ding how they emerged as PV leaders in the US.

In the end, this document is provided as a way to understand where PV technology ideas
originate and the pathways from concept to manufacture in the US.

1.1 TECHNOLOGY TRANSFER IN THE USA

Now that alternative energy is emerging as a mainstream idea, the US government has
expanded funding and created policies to quickly advance “green-technology!” Private inves-
tors are also investing in promising PV technologies. The increased availability of funding has
expanded research opportunities for existing companies, facilitated the manifestation of new
solar research and engineering companies, and provided financial support for fundamental
research in university and other laboratory research groups.
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When looking at the origins of the innovative PV ideas, it is obvious that many cutting-
edge technologies are derived from research performed at universities and federal or state-run
research institutions. The amount of intellectual property that comes from such institutions
is overwhelming. The dissemination of this intellectual property is facilitated with scientific
journal publications, conferences and seminars as well as private collaborations, and is rapidly
spread for others to read, understand and build upon. When ideas are recognized as having
enough market potential to warrant patenting the technology could very well reach the con-
sumer markets one day.

Over the past decade more than 24 new companies have been formed with photovol-
taic commercialization as their primary mission. (See Appendix for list of start-up companies).
Start-up companies formed by private researchers or investors make up about 65% of the new
PV companies, while about 35% are developed as universities spin-offs. This number includes
only those companies with active research and development, and aim to manufacture no-
vel PV cells or panels. This number does not reflect any new departments or projects created
within existing companies. It must be mentioned that the creation and dissemination of inno-
vative technology in the PV sector is not limited to start-up companies. Therefore, for the sake
of this report, the mechanisms explored are based on the acquisition of intellectual property
for start-up companies and existing companies.

The Role of Government

Government plays a large role in the spread of new technologies through the institution
of policies and programs that stimulate the growth in a particular market. In 2006, the US De-
partment of Energy (DOE) began a program called the Solar America Initiative (SAl) whose aim
was to boost the US-based solar energy industry. The DOE provided tax incentives and funding
to companies and researchers in order to develop solar energy as a costcompetitive electrical
energy source by the year 2015 [1]. This program ended in 2009, however, the Solar Energy
Technologies Program continues to fund photovoltaic preincubator and incubator projects for
emerging technologies [1]. (See chapter 3.3 for more details)

While federal funding is important, there are also local-government initiatives and pu-
blic companies that provide local support and financial backing to boost the PV technology
research in the state and help with commercialization of technology. For example, the program
Go Solar California has funding available for “Research, Development & Deployment” [2], while
in Virginia the Renew Virginia Initiative was instituted to provide legislative and executive ac-
tions to stimulate the green-technology economy in Virginia [3]. The legislative and executive
actions in Virginia included providing incentives for companies who manufacture green tech-
nologies, especially photovoltaics. In Pennsylvania, the governor granted state-budget funds
for PV technologies [4] and the Pennsylvania Energy Development Authority (PEDA) continues
to provide financing for renewable energy development and integration [5]. These are just a
few examples of local actions that provide a favorable environment for emerging PV techno-
logies.
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The Role of Research Institutions

Universities and national laboratories are the main incubators of ideas, and much of the
funding granted to them is geared toward fundamental, basic research and exploring undeve-
loped areas in the field. With this type of funding there is often much freedom to try new and
innovative processes. While in academia and government funded laboratories, project goals
must be reached and deadlines are normal, there is less emphasis on developing a product,
producing revenue, and pleasing investors as there is in a business environment. The fresh
ideas are a combination of innovative thinkers who are uninhibited by traditional corporate
deadlines, and the abundance of necessary tools and resources available.

TECHNOLOGY TRANSFER OFFICES

It is common for a strong research institution to have a technology transfer office (TTO).
TTOs have been developed for facilitating the licensing agreements between innovators with
their intellectual property and the entrepreneurs who can bring a product to the fruition [6],
as well as providing substantial support to a researcher who is interested in starting a compa-
ny — although under most circumstances the federal government does not permit employees
to work for an outside company unless they leave their government position (This point is
covered further in section 4).

TTOs provide a link between ideas and the “real world" industry and transfer their intel-
lectual property through the licensing of intellectual property. The TTOs also provide a resear-
cher with legal advice and market viability analysis for this new technology. In the case of a
start-up company, the TTO provides (non-financial) assistance and often employs a knowled-
geable "resident-entrepreneur” - someone experienced in starting companies. The researcher
can find the support he needs through the TTO, which may also have connections to the finan-
cial realm, but which itself does not usually provide a large pot of start-up funds. The role of the
innovators in the continued improvement and advancement of the technologies they develop
is also discussed in section 4.

The Role of the Private Sector

The private sector plays a very important role in refining ideas and processes that are
developed by research institutions or envisioned by inventors. The private sector combines
manufacturing engineering "know-how" with the business models of entrepreneurs, and often
obtains substantial financial backing for marketable and promising ideas. All of this combined
smoothes the process of commercialization and provides a pathway for technologies to even-
tually reach consumers.

Common Mechanisms

Technology transfer follows three basic mechanisms, which result in commercialization
of state-of-the-art PV devices.
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OUTSOURCED INTELLECTUAL PROPERTY

One very common mechanism in the US for technology transfer in the PV industry is the
outsourcing of patented ideas to existing companies. For universities and research institutions
such as national laboratories, this provides a financial return on the intellectual property. An
existing company benefits from the use of a profitable idea, while the research institution and
researcher have little or no financial risk in such a venture. The existing company often has the
manufacturing and business expertise to bring a technology to the market, and some of the
revenue generated from the use of the patent is given as royalties to further other research in
the research institution as well as compensate the inventor.

RESEARCHER START-UPS OR SPIN-OFFS

Researchers are the brains behind advancing PV technology. Through a start-up or spin-
off they have the greatest opportunity to push the research and development in a direction
they see fit. Once they protect their ideas, either through a technology transfer office at their
research institution or through a private means, the “researcher-turned-entrepreneur” chooses
to create a company in order to bring their ideas to commercial reality. They then must find
financial backing through venture capital firms or private investors. In this case the inventor ap-
proaches the investors with an idea. In addition, the inventor possesses the in-depth research
knowledge to head a research and development project through the startup phase.

The university spin-offs are less common these days for silicon PV research due to the sa-
turation of companies in this field and the emergence of other technologies. However, recent
market potential has increased for start-up companies who focus on state-of-the-art second
and third-generation solar cells, organics and flexible PV, and concentrating semiconductor
materials (see Appendix). The federal, state and local incentives for green technologies provi-
de a more favorable environment for start-up companies to get their feet on the ground and
push past the start-up phase and eventually make it to a manufacturing and production stage.
While starting a company is a great achievement for the inventors, it has been shown through
significant research that if a researcher worked in academics prior to starting a company, it is
common for him/her to return to academics once the company has a strong enough founda-
tion [7,8]. Once he/she returns to academia, it is also common for him to continue do provide
assistance to the companies, but he may often give up their role as chief technology officer.

INVESTOR START-UPS

In this case, investors or entrepreneurs (those outside of the research realm) see a poten-
tial market that is untapped and seek to create a company to address this commercial need.
Once they identify the market demand and they develop a business plan and they either apply
for the licensing of patented technologies that have not become commercialized in or they
recruit researchers to develop the intellectual property they require to get their company off
the ground. This is a fairly successful mechanisms of technology commercialization, however,
the process from idea to commercialization can be lengthy and costly before their product
reaches the market.
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1.2 COMMON TECHNOLOGY TRANSFER CHALLENGES

The challenges that are faced in the transfer and commercialization of new PV technolo-
gies are not limited to the PV sector. As with any new technology there is an entire step-by-step
process that is involved from the invention and development side to the marketing and user
side. In order to finally make the technology available to consumers the new idea or technology
must make it through the entire process shown in figure 1.1 can contain many roadblocks to
success at each stage. These roadblocks vary depending on the type of technology or the nature
of the project, but according to a report written by the International Environmental Technology
Centre, some of the biggest challenges are “shortfalls in technology creation and innovation, un-
derperformance in technology sourcing, sub-optimal enabling environments, and insufficient
and unverified information”[9]. Small and medium enterprises are disproportionately impacted
by these challenges, which can make it even more difficult for start-up companies.

One of the greatest challenges researchers and inventors face is deciding the best way to
handle their intellectual property. While technology transfer offices at research institutions pro-
vide financial and legal assistance and attempt to smooth the pathway for technology transfer,
impediments can occur at every link whether they are due to policy restrictions or the movement
of information and materials, etc. [9]. It is well known that some academic researchers choose to
bypass the technology transfer offices (TTOs) at their universities in order to increase the effici-
ency of the technology transfer and sometimes to increase their share of the profit [10]. Often
the universities have specific policies in place that require a researcher to inform the university
TTO of any invention or idea instead of selling the idea directly to industry. Bypassing the TTO is
not an acceptable practice according to various university policies and could result in the loss
of the researchers job in some cases. But, there are some clearly stated reasons why this occurs.
For instance, when universities merely encourage compliance with their policies without actu-
ally enforcing them, they signal tolerance of nondisclosure of inventions and discoveries [10].
Naturally, when compliance with employment guidelines does not enhance faculty’s utility func-
tion—and when enforcement is rare—bypassing and private appropriation increase [11].

However, it is in the best interests of the universities to try to prevent this so-called “spill-
over”by negotiating for faculty departments and inventors to receive a larger share of the pro-
fits from the technology. A benefit of researchers using the TTO especially at a large research
university is the access to legal advice and funds for patenting and licensing [8]. It is shown that
for universities providing a large share of the return to the researchers and their departments,
the researchers are less likely to bypass the TTO [10].

Figure 1.1
The cycle of commercializing technologies. [12]
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Finding funding and financial backing for the advancement of an idea through the de-
velopment and manufacturing stages is another large barrier to successful technology transfer.
According to a report written by the Center for American Progress and the Global Climate Net-
work, “Finance goes hand-in-hand with technology development and transfer”

[13]. Because technologies such as photovoltaics often require a large initial investment
itis important for the US government to institute funding and financing initiatives or subsidies
in order to spur the creation of new technology ventures.

In the last two decades, favorable intellectual property policies have been instituted and
more funding has become available to the green-technology sector. Private, public and fede-
ral incentives have been implemented; much as been done to reduce these barriers in order
to maximize the economic and energy-related benefits provided by advanced cutting-edge
technology.

2 IDEAS AND INNOVATION

Innovation is seen often in collaborative efforts. Cooperative agreements and collabo-
rations happen throughout science and engineering, so certain laboratory policies and agree-
ments have become standards for dealing with the legal aspect of technology transfer. As with
any research and development effort there are many parties involved. When these parties are
not part of the same institution, cooperatives, alliances and partnerships are formed in order
to provide the legal backing for any intellectual property that is formed as a result. The focus of
this section is primarily on the formation of research relationships. Intellectual property rights
and ownership details will be described further in section 3.

In the early 1980s, the US political environment seemed to shift decisively in favor of
permitting exclusive licenses of publicly funded research to encourage commercialization
[14]. The Bayh-Dole Act was instituted to allow small businesses, non-profit organizations and
universities, rather than the government, to pursue ownership of an invention or intellectual
property even when federal funding grants are involved. This policy thereby allows the univer-
sities or small businesses to handle their intellectual property in a manner that they please. The
federal government, however, still retains “march-in” rights to license the invention to a third
party, without the consent of the patent holder or original licensee, where it determines the
inventions is not being made available to the public on a reasonable basis [15].
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In general there are three major sectors responsible for idea creation:

UNIVERSITIES

Due to the structure of academic research and the requirements for tenure-track pro-
fessors, many researchers in academia are usually focused on publications and dissemination
of knowledge. Often times, publications are required to improve the standing of the profes-
sor in his/her department and to fulfill productivity requirements in their contracts. However,
the creation of patented technologies benefits both the research university and the economy.
While these are not requirements of an academic job, researchers strive to created patentable
ideas which in some cases can lead to the creation of a spin-off company, and adds recognition
to the university, while providing a boost to the researchers professional standing in his/her
field.

FEDERAL & STATE RESEARCH INSTITUTIONS

The US government developed the national laboratory system as a research and de-
velopment network for the advancement of technology. Additionally, the Stevenson- Wydler
Technology Innovation Act of 1980 made technology transfer from federally funded national
laboratories a mission and priority, and created a variety of institutional structures to facilitate
this mission [14]. As a result these institutions are principally focused on developing projects
that have large economic benefits, while still trying to investigate and explain the fundamental
science. Research publications are often important in the national laboratory setting, as they
can mark progress in research, however, when a technology is novel or a new discovery is
made, it is commonplace to apply for patents and make the technology available for licensing
to outside partners.

INDUSTRY

Private companies are largely “results motivated” and follow commercial benchmarks
that must be met in order to pacify the investors and move from a R&D stage to a manufactu-
ring stage and revenue-making stage.

It is common for academia, government run laboratories and the private sector to work
together. With greater collaborative efforts more ideas are brought to the table and often the
availability of resources is pooled. When an industry partner chooses to provide funding or to
collaborate with a university or national laboratory, it is often necessary for the company to
comply with the policies in place at the research institution and come up with an agreement
that satisfies the policies of the institution and the company alike and likewise, it is expected
that the researcher will comply with his institutions policy, otherwise he could lose his job.

2.1 COOPERATIVE AGREEMENTS AND COLLABORATIONS

Cooperative agreements for research collaborations are formed in many ways in the
US. For researchers at universities it is mostly through joint journal publications that credit is
given for working together. Researchers involved from both or all laboratories receive credit
as authors based on the amount and nature of the work they perform to create the results. It
is unclear exactly which university or TTO handles the intellectual property when a patent is
filed. However, the people contributing most to the conception of the idea, providing funding
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through grant applications, and performing the research have a share in the intellectual pro-
perty rights and the subsequent returns when the technology is then licensed. It is likely that
the researcher who initiated the collaboration and provided the ideas also created a contract
agreement to handle any patentable IP if it is produced while working together. Below is a brief
explanation of the standard agreements that are made between collaborating parties.

MATERIAL TRANSFER AGREEMENTS (MTAS)

A material transfer agreement is initiated when a transfer of physical resources (ie. polymers,
oxides etc)) is desired between two organizations. This is not strictly an academic agreement, but
it is most commonly used in academic settings (non-disclosure agreement is more common for
national laboratories). The agreement governs and defines the rights and privileges of the parties
involved with respect to the usage of the materials and any derivatives. The MTAs are formed
when the transfer of materials is required between two academic or research institutions, from
academia to industry, and even when academia requests materials from industry.

NON-DISCLOSURE AGREEMENTS (NDAS)

Proprietary & confidential information is protected through non-disclosure agreements.
An NDA is usually a policy of federal research institutions and industry to prevent any proprie-
tary information about research goals, materials, or results from being discussed or presented
in any form other than outlined in the agreement. These NDAs contain more protections than
the MTA listed above but are often used in the case that proprietary materials are shared/trans-
ferred and incorporated into the research of the acquiring party.

COOPERATIVE RESEARCH AND DEVELOPMENT AGREEMENT (CRADAS)

In 1986, the Federal Technology Transfer Act allowed government-operated facilities to en-
ter into cooperative R&D arrangements with industry as well as to grant outside collaborators the
title to any invention that resulted [6]. In 1989, the National Competitiveness Technology Transfer
Act of 1989 extended the 1986 legislation enabling the formation of cooperative research and
development agreements (CRADAs) to government-owned contractor-operated facilities [14].
The intent of this legislation and the development of CRADAs was to provide legal structures to
ensure the full use of the US Government'’s investment in research and development projects. La-
boratories are encouraged to push for the transfer of federally owned and originated technology
to state and local governments where appropriate, and to theprivate sector [6].

Under the CRADA, a collaborator with a national laboratory can choose the nature of
their relationship to the project [16].

e SHARED-RESOURCES AGREEMENT: This is a joint research project between a national
laboratory and a partner to develop, advance, or commercialize a national laboratory-
developed technology without funds changing hands. It must fit within the scope of a
project at the national lab, which is funded by the U.S. Department of Energy.

e FUNDS-IN AGREEMENT: This type of relationship allows for the partner to pay for all or
some of national laboratories costs under the project. However, the national laboratory
never provides funds to the partner. This is most commonly done for companies who
seek assistance for a project they are currently working on which does not fall into the
scope of a project at the national lab.
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2.2 ALLIANCES AND INCUBATORS

The formation of alliances and incubators is intended to develop networks of knowled-
geable people in all aspect of the “energy business, to provide better access to business related
resources, and to increase collaborative efforts in research so that the knowledge created can
be disseminated for maximum economic benefit.

THE CLEAN ENERGY ALLIANCE

The National Renewable Energy Laboratory developed the Clean Energy Alliance with
the mission of assisting clean energy entrepreneurs [17]. The alliance has developed into a
network of investors, energy experts and industry leaders who are willing to provide assistance
in the form of mentoring, financial support and introductions to the global energy communi-
ty. By having a networking opportunity available for students, researchers, and entrepreneurs,
the alliance enables easier navigation of the energy market, facilitates with the identification
of opportunities, and provides important contacts for the necessary funding to develop and
commercialize clean energy technologies. The Clean Energy Alliance contains lists of research
programs, equity firms, and development and commercialization centers, which are available
to anyone with a CEA membership.

THE CENTER FOR REVOLUTIONARY SOLAR PHOTOCONVERSION (CRSP)

The Center for Revolutionary Solar Photoconversion is a part of the Colorado Renewab-
le Energy Collaboratory, which provides unique partnership opportunities to businesses [18].
CRSP has six goals in its mission to bring energy technologies to the market. These goals inclu-
de [19]:

e AFFILIATE RESEARCH INSTITUTES. Establish a strong research collaboration between
three Colorado universities and the National Renewable Energy Laboratory.

e SHARED RESEARCH. Provide an interface for communication and participation between
members of the collaboratory and the research institutes for any pre-competitive re-
search.

® SPONSORED RESEARCH. Provide a streamlined communication mechanism that facilita-
tes the collaboration on member-specific proprietary projects.

e BASIC RESEARCH. Develop an efficient network for performing basic research tasks un-
der DOE funding.

e TRAINING & EDUCATION. Provide educational opportunities and personal development
to scientists and student to further develop knowledgeable researchers.

e PUBLISH RESULTS. Disseminate results of collaborative efforts created under the within
the network of the CRSP.

CRSP has a scientific board that overseas the research projects that are performed as part
of the collaboration. In addition, various scientific experts lead the research efforts to develop
technologies with the greatest impact for global solar energy usage.
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CEA and CRSP are just two examples of the types of networks in the US that provide
assistance to those looking to network in the energy sector. Through these collaborations and
alliances information is made available to a large number of institutions and businesses, further
reducing the barriers to technology transfer.

2.3 CONSULTING AND R&D SUPPORT

When the research of a company does not align with the research of an academic group
or federal laboratory, a consulting relationship can provide the necessary resources to the com-
pany. This type of relationship often results in a private company retaining the rights to the
intellectual property, including any significant findings or breakthroughs.

ACADEMIA

Consulting and R&D support are common practice among academic researchers and
their research groups. The consulting can be done on an individual or private basis with a sin-
gle researcher providing help to a company, or an agreement can be formed with an entire
research group to provide support for a commercial research project. In both cases it is normal
university policy to require a contract commercial company for legal purposes, and if a resear-
cher bypasses the contract and does not tell the university of his intentions, it is possible that he
could lose his job if the university were to discover his outside work. However, most universities
provide their employees with the freedom to consult for a specified amount of time as long as
it the contract does not indicate a conflict of interest or prevent the researcher from performing
the requirements of his/her job.

Why do universities allow this? Researchers are the intellectual assets of the university.
Retaining them is in the best interest of the university, and allowing academic researchers to
consult and provide support to private companies not only lessens the possibility that a the re-
searcher will be recruited to work full-time for a company (although this does happen). Through
consulting, a researcher can build a strong working relationship between academia and indus-
try and facilitates the transfer of technology. MIT has formed an Industrial Liason Program (ILP),
which acts to connect industry partners to research groups who can provide support to their
research efforts [20]. By doing this they open communication pathways in industry, which may
be helpful in the future when a researcher wants to commercialize a new technology.

National Laboratories

While national laboratories do not allow their employees to privately consult for any
company whose mission is in line with that of the national laboratory (in the main case of this
paper any type of renewable energy research), the national laboratories engage in Work-for-
Others agreements (WFOs), which allow the national laboratory to take on a consulting or R&D
support role. Various solar companies have used the support of NREL and other laboratories for
testing, troubleshooting, and certifying their innovations.

The Work-for-others agreement, like the CRADA, has variations in agreements based on
the nature and extent of the work. Here is listed the types of agreements available from the
National Renewable Energy Laboratory [16]:
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e [INTERAGENCY AGREEMENT-GOVERNMENT (IAG) A federal agency other than the US.
Department of Energy (DOE) provides funds to a DOE sponsored research laboratory to
perform work directly. DOE and the other agency must enter into the agreement.

e FUNDS-IN AGREEMENT (FIA) A nonfederal entity pays the national laboratory to conduct
a research-oriented project. In this case, under certain circumstances, the agreement
may allow for the non-federal project sponsor to obtain the title to inventions, which is
different from the rights to the title when technologies are created through a CRADA.

e TECHNICAL SERVICES AGREEMENT (TSA) A non-federal entity pays for the national labo-
ratory to assist with an analytical problem. The national laboratory consults and provides
basic technical assistance under this agreement.

o ANALYTICAL SERVICES AGREEMENT (ASA) A non-federal sponsor pays for specialized,
narrow analytical services performed by the lab in 13 different categories of testing or
characterization services. This small-scale, ,shrink-wrap” agreement has predetermined
limitations on the duration and the cost.

3 OPPORTUNITIES FOR COMMERCIALIZATION

The PVindustry is full of motivated researchers intent of finding solutions. During this era
of climate change awareness, “green” and “alternative” technologies have become more widely
funded, researched, and accepted by consumers. The market is ready for energy solutions to
avoid an energy crisis and curb global warming. As a result of this ‘green” technology accep-
tance, the market is seemingly booming with new companies and new missions for reducing
our dependence on fossil fuels, jump-starting the economy, and of course making money. This
chapter is focused on understanding when and how a researcher recognizes an opportunity
for their discoveries, what resources they have to create a start-up or market their ideas, and
what funding sources are in place to see that their ideas are given the opportunity to succeed.

3.1 RECOGNIZING OPPORTUNITIES

As mentioned in chapter one, researchers employed at universities and national labora-
tories have access to technology transfer offices that aim to provide them with the information
they need to file for intellectual property protection. Since a researcher is has many years of
experience in his field it is easy for him to see the gaps in research or the lag in commercialized
technology. It is these gaps and lags that motivate researchers to pursue the state-of-the-art
research that eventually can lead to a technological breakthrough, or at least advancements in
their field. Once the opportunity is recognized, the researcher then determines the best pro-
cess for developing the technologies, what resources he must use, which professional contacts
he must work with, and how to fulfill the gap or lag he has identified.
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When he has done some initial research, it is possible that filling gap in research has pro-
vided nothing more than the knowledge that that particular pathway has been explored. But if
a researcher has succeeded by finding a solution that is worthy of more than a scientific paper,
he must then decide how to handle the intellectual property he has generated. If a patent
has not been filed on a technology similar to his discovery, it is his responsibility to document
his research and contact the TTO to lay claim to his discovery. Using the tools and resources
provided by the TTO it is then up to the researcher and the TTO to jointly decide the next step;
whether to allow the discovery to be licensed to an existing company or to form a startup
around the new idea or ideas.

3.2 THE START-UP

The staff of the TTOs often includes successful entrepreneurs, market analysts, technology
transfer specialists, and intellectual property lawyers. This combination of expertise provides a
pool of advice for determining the viability of a start-up or spin-off. Since not every patentable
discovery has enough market strength to justify a start-up company, it is important to analyze the
risk of failure involved with licensing a patent to a start-up. It must include a thorough analysis of
the market need for the current technology and a projection of whether it will be accepted as
a good solution to the problem it attempts to address, and whether there are any competitors.

While the patent is not devalued if the start-up company fails, the commercialization
process is extended or slowed. However, if the company succeeds, the benefits to the universi-
ty or research institute are often much greater than licensing to an existing company.

In a start-up company it is common for the researcher becomes the chief technical of-
ficer to oversee the research efforts. Section 4.3 deals with the role of the researcher and com-
pensation for his intellectual contributions.

3.3 FUNDING SOURCES

Funding for PV technology on the basic research and development level often comes from
government grants for“green”technology or budgets also in place for furthering the research mis-
sion of a national laboratory. Sometimes, government laboratories and universities obtain funding
form collaborations with industry partners and funding comes from the investors in the company
rather than the government. Once a technology has become more advanced and shows market
potential, private investors (such as angel investors, existing companies, or venture capital groups)
become key to the success of the technology transfer from idea to commercialization.

THE RESEARCH MISSION

Some universities and many national laboratories designate funds as “seed money” for
innovative and promising research ideas. A seed fund provides a little financial backing to ex-
plore areas of research that otherwise would go untested and sometimes a clear research path
is created. If a research group can show that further research could provide results influential to
the field, it is possible that the research group would obtain outside funding. Proof-of-concept
is a strong promoter when applying for grants.
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Industry funded partnerships are often the fastest mechanisms for transferring new tech-
nology discoveries. The company or industrial partner approaches a research institute with an
idea but perhaps without the means to explore the idea. They provide the funding to explore
and either the company can obtain exclusive licensing rights to any patented ideas or if nego-
tiated the company may own the rights and is then free to use the information as they please.

HOW IS THE START-UP FUNDED?

Start-ups in the US are funded during various phases by private, public or governmental
funds. The government has the largest financial contribution during the early research and
development stages of an idea. As mentioned previously, once the technology, whether it is a
novel process, a new material or a combination, proves useful and unique this start-up seeks
private funding sources such as venture capital investors. At this point they try to bridge the
gap between a strictly R&D research company to a company with a plan for eventually ma-
nufacturing their products. However, all of this funding depends strictly on the company, it's
founders and it's mission. Where the funding originates depends on how the company choo-
ses to seek funds. It is possible that one company would not seek any public or governmental
funds during any part of the start-up process, while another company could be funded almost
exclusively by federal funds.

GOVERNMENT FUNDING STRATEGIES

Recently the US government has developed quite a few programs to push technology
transfer especially in the PV fields. As an example the department of energy has created an
incubator program, which provides funding for start-up photovoltaic companies. The program
also contains a Pre-Incubator Project focuses on moving ideas from concept verification to pro-
duction of a commercially viable prototype. The PV Incubator project is aimed at accelerating
prototype and pre-commercial technologies toward pilot and full-scale production [1]. Listed
in figure 3.1 is a graph of the companies funded and the amount of funding provided for the
incubator projects as well as for on-going solar energy programs.
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Figure 3.1
This is an illustration of the companies and amount of funding provided through the federal
government during 2008 for the incubator projects and other on-going PVresearch projects[1].
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New incubator awardees are companies that demonstrate an idea that is aligned with
the current industry trends, provide a strong business plan, and show strong initial perfor-
mance. Companies that are listed as continuing incubators are those that have demonstrated
the timely completion of scheduled deliverables, relevance to the current industry develop-
ments and likelihood of success [1]. The TPP projects are ongoing research projects that are de-
monstrated to be low-risk investments for the government while providing maximum market
penetration of new technologies.

With the exception of Silicon technologies, which are funded largely by public funds,
private investors have provided the greatest financial support for start-up PV companies in the
US whereas the federal government has provided the least amount of funds, as shown in figure
3.2. As is evident CIGS technology has the highest private investments of all types of techno-
logies. New companies are emerging each year with the idea of creating a cost competitive
electricity generation using CIGS technology and efficient manufacturing processes [21]. While
it is shown that the government does not provide the same capital as private or public entities,
the US Government does create programs that attempt to provide start-up companies with
extra funding to help them succeed.

Figure 3.2
The public, private and governmental funds allotted to start-up
companies in the US for various types of PV over the years 2005-2008.
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4 LEGAL ASPECTS OF TECHNOLOGY TRANSFER

Technology transfer involves a lot of legal aspects from intellectual property and li-
censing, to researcher compensation. This chapter discusses how the intellectual property is
handled in academia, federal labs and industry (as well as during collaborative efforts), briefly
explains the details of patent and licensing agreements, and outlines the roles of researchers.

4.1 INTELLECTUAL PROPERTY
THE OWNER(S) OF UNIVERSITY FUNDED IP

When a university researcher wants to protect his research results or ideas, the intellec-
tual property protection is provided with help of the university technology transfer offices.
They provide support and guidance for researchers, students and staff to apply for patents and
other intellectual property protection methods (copyrights, trademarks etc.). The university of-
ten assumes the rights to the intellectual property or invention created by any employee of the
university, but compensation to the inventor is paid through a royalty agreement. As noted on
many TTO websites, research universities will pay for the patent application through university
funds, but it is common for the fee to be reimbursed through royalty revenue if the technology
is licensed.

Following the patent or IP protection step, two options are available for the use of the in-
vention. At this point a license for use of the technology can be granted to an existing compa-
ny, or the license may be granted to a start-up company if the invention is substantial enough
to merit such an undertaking. As mentioned earlier, not more than 5-10% of inventions given
to technology transfer offices are fit for creating a start-up company. Therefore, the majority
of ideas are available to be licensed to existing companies. While this often provides a slightly
lower return for the university investment the risk of failure is much lower and there is often less
time to the commercialization of the technology.

The Royalty Breakdown

Royalties are given as a percentage of the profit made by the company and these royal-
ties are negotiated by the company and the university and signed into agreement when the li-
censing contract is formed. The royalties are then distributed to the university and the inventor
according to the university policy and based on the profit of the company. Each university has
its own policy for the percentage of the royalties given to the inventor, but large competitive
research universities often offer the inventors a 25% share of the royalties. The benefits do not
stop there, as some of the royalties are often paid to the research account of the inventor, the
department for which the inventor works, and/or a university-wide research fund (as much as
50%). The TTO, which facilitated the patenting and licensing receives a portion (usually up to
25%). In final calculation, approximately 75% of the royalties received to the university are dis-
tributed again for research purposes, while the remaining 25% is used to cover the operating
costs of the TTO.
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NATIONAL LABORATORIES AND INTELLECTUAL PROPERTY POLICIES

Intellectual property at national laboratories is handled in a similar manner to that in
academia. If a discovery is made that is worthy of patent protection, a patent application is filed.
Since technology transfer is a large part of the mission of the national laboratories, they have
set aside quite a bit of funding to cover the costs associated with patent applications. The TTO
at the national laboratory then handles any licensing inquiries from industry. Once a company
is ready to commit to a license the royalty agreement is created.

If a company is interested in working together with a research group at the national
laboratory more care is taken in developing an agreement and protecting the intellectual pro-
perty of both parties involved. Depending on the nature of the research, both parties start by
listing any intellectual property that they own with regards to the project, prior to the start
of any collaboration. Then a contract is developed stating the ownership of any subsequent
intellectual property generated through the collaboration. In some cases, the intellectual pro-
perty could belong solely to the national laboratory, solely to the company, or could be owned
jointly. The details are often negotiated by the involved researchers and the company seeking
to collaborate, and then are sent to the national laboratory TTO for approval.

INDUSTRY-BASED INTELLECTUAL PROPERTY

Inventors that create ideas on their own have much more responsibility with the legal
and financial aspects than academic researchers or federal laboratory researchers who have an
established TTO backing them. However, the rights to the intellectual property belong solely to
the individual if he produces the idea with out funding. A researcher from a company may still
receive a bonus for the good work he does at the company or research group, but when the
financial support and resources are provided by that company, it is normal for the company to
own the IP.
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4.2 PATENTS AND LICENSING AGREEMENTS

In the US, successful technology transfer can often be attributed to the important role of
technology transfer offices as commercialization liaisons. Technology transfer offices at univer-
sities and national laboratories provide the legal support and sometimes, the financial backing
for patent applications and licensing agreements. When it comes to licensing an existing idea,
the TTOs often provide lists of patents and technologies that have been developed within
their institution. These are available for anyone to search and can be licensed under certain
agreements between the institution and any interested company. The National Renewable
Energy Laboratory, for example, maintains a database of intellectual property developed by all
Department of Energy funded national laboratories. A database such as this makes it easier for
the government to keep track of all the intellectual assets and maximize the benefits of these
licenses and patents to advance technology and boost economic benefits.

4.3 RESEARCHERS ROLES AND COMPENSATION

The researcher can take many roles in technology transfer and often it depends on
which entity they are working for and where their funding comes from. A university professor
or researcher often has the most freedom to decide what role he will hold within a start-up
company or how their intellectual property is handled when a patent is involved. Whereas
government employees who develop innovative ideas or demonstrate a unique process are
often legally restricted to a particular role when it comes to technology transfer. Of course a
private inventor has the most freedom available to do what he will with his ideas. However, wi-
thout a TTO, raising capital and performing the market analysis is often more difficult to handle
alone and may restrict the possibilities for the invention to make it to the market unless the
individual has the means to do this on his own.

Technology Roles for Academic Researchers

At large research universities in the US, researchers are allowed to hold many roles when
it comes to technology transfer. Most commonly a researcher creates the IP for a new tech-
nology and receives the royalties once the technology is licensed. When a market analysis is
favorable toward forming a start-up around a technology or portfolio of technologies, TTOs
provide resources and connections to those in the business world. At this point it is common
for a researcher to seek out investors or form a company that is able to further the research and
commercialize the technology.

During venture development in the PV sector it has been quite common for researchers
to obtain approval for a leave of absence from their university or department, or to reduce their
responsibilities at the university during the time when the company is getting started. They will
have a title as a founder and may take on the role as a management partner in the venture or
even as chief technical officer to advise the research and technical side of the operation.

Compensation as a Founder

Many times the founders will create an agreement that dictates the roles of each foun-
ding member. But in the case of university-based intellectual property, any conflicts of interest
(usually involving the issuance of equity) must be avoided by both parties, the inventor and the
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start-up (licensee) company. Often, the start-up issues founders’ equity to the inventor in ex-
change for him serving on the management board, and this is issued as common stock. At the
University of Alabama, as with many other universities, it is also possible that a founder could
be issued equity in the form of stock, options, or warrants in exchange for exclusive rights to
license the university-owned assets. [22] However, this is much less common. Although many
founders'agreements are tailored to a specific company and situation, one details remains fairly
consistent. The inventor is often not required to provide monetary compensation for any equi-
ty he obtains within the company. His intellectual property and management contributions are
considered to have enough value to grant him rights to the equity without the requirement of
purchasing them, however the percentage of equity he obtains varies from company to com-
pany and inventor to inventor.

After a leave of absence from his university job it is common for the researcher to return
to his responsibilities at the university while continuing to consult for the spin-off company.
He often continues to participate in an advisory capacity by serving on a management board
or provide technical guidance to the researchers recruited to further the R&D stage. At the
University of Colorado, the role the researcher has and the length of time spent working at the
start-up usually depends on departmental policies and the needs of the company, but this can
vary from university to university. And, according to the TTO policies of many universities, when
the researcher returns to his position he is allowed to spend up to 1/6th of the year on work
outside of his university obligation, as long as there is no conflict of interest.

The number of technologies that are suitable for the creation of a start-up company is
minimal. According to various TTOs, estimates show that 5-10% of the ideas that are generated
and patented at a university technology transfer office are suitable for the development of a
start-up company, while even fewer succeed past the first few years. Therefore, the role of a
university researcher is often just the generator of intellectual property and if possible then he
can license the technology to an existing company.

Government Researchers Participation in Tech Transfer
National Laboratories in the US offer some options for researchers to contribute to tech-

nology transfer. However, they do not provide the same freedoms as an academic setting. Fe-
deral policy often restricts employees from roles external to the laboratory where he is em-
ployed, but the policy does not prevent a researcher from contributing in other ways to the
dissemination of research results and compensation as the inventor. The transfer of intellectual
property is possible through any of the following agreements:

e Cooperative Research and Development Agreements (CRADA).

e Non-disclosure Agreements (NDA).

e Work-for-others (WFQ).

These are further explained in section 2.1 and 2.3. When IP is created a researcher still
has royalty rights to an invention licensed to an external company. It is also possible that the
researcher would have a key role in advising a start-up company, if associates of the national
laboratory create an investment venture. However, a researcher could not be an employee of
the company while still working at the national facility.




Materials for Key Enabling Technologies

5 CASE STUDIES: MECHANISMS
5.1 KONARKA: A UNIVERSITY SPIN-OFF

In 2001, a group of professors and scientists from the University of Massachusetts-Lowell
teamed together to bring their on-going research in organic photovoltaics into a commercial
setting. They began their research with support from the US military to develop a lightweight
technology for soldiers and with this they produced an innovative manufacturing process for
creating low-cost, and flexible, solar cells.

Through government funding and eventually the acquisition of financial support from
venture capital firms, private companies and private investors, Konarka was able to successfully
commercialize its ideas. Seven years after its conception, Konarka introduced Power Plastic to
the commercial market [23]. In 2009, it opened a pilot manufacturing plant and began produ-
cing panels suitable for use in microelectronics, and portable and remote power applications.
Since the beginning, the company has increased from the core group of researchers to a com-
pany of over 80 employees. Konarka still works closely with US national laboratories and uni-
versity research groups in the US and abroad to advance the technology further and continue
to advance its commercial-scale manufacturing recipes.

5.2 FIRST SOLAR: A PRIVATE VENTURE

In 1999, First Solar Inc. was formed when entrepreneur and inventor Harold McMas-
ter decided to sell his solar research company, Solar Cells Inc, to an investment firm. As So-
lar Cells Inc. (SCI), the company worked largely on research and development efforts lead by
McMaster's vision of affordable solar and efficient manufacturing [24]. Since becoming First
Solar, the inventor-initiated company has set a great example for success in the solar industry.
The company’s main focus is to provide panels for commercial and utility scale projects, but it
also provide panels for large residential projects as well. This is one of the most successful solar
companies to emerge from the US in recent history and it continues developing cutting edge
manufacturing processes and increasing the efficiencies of its cadmium-telluride (CdTe) thin-
film solar cells.

In 2004, First Solar began full commercial operation of its initial manufacturing line [25].
The First Solar's research and development department provides most of the research support
for the company, but it has been known to work with national laboratories to further its re-
search efforts. NRELs researchers provide years of experience solving critical issues for external
companies and have worked closely on some accounts to help First Solar to solve problems,
and to provide them with characterization and certified measurements of its devices.
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APPENDIX

The follow is a table of PV start-up companies and their origins (i.e. University or Private),

as well as the type of PV cells they are developing.

Company Year Founded Origination Technology Researched
1366 Technologies 2007 MIT Multi-crystalline Si
Abound Solar 2007 Colorado State University  CdTe Thin-films
Alta Devices 2008 CalTech Thin-films
Bloo Solar 2008 University Ultra-Thin-film
of California - Davis (3rd Generations Technologies)
Covalent Solar 2008 MIT Organic Solar concentrator
Konarka 2001 University OPV on roll-to-roll
of Massachusetts- Lowell  manufacturing
PlexTronics 2002 Carnegie Mellon OoPV
Solarmer 2006 UCLA OPV
Solasta 2006 Boston College Mono-crystalline Si
Soluxra* 2009? University of Washington ~ OPV
Suniva 2007 Georgia Institute High Efficiency Silicon
of Technology
Ampulse 2007 Oak Ridge National Thin-film Si PV
Lab & NREL
Blue Square Energy 2003 Private High Performance Si
CaliSolar 2006 Private Crystalline Si
Enfocus Engineering 2006 Private Multijunction cells & concentrating solar
First Solar 1999 Private CdTe thin-films
Heliovolt 2001 Private Thin-film CIGS
Innovalight 2002 Venture Ink-jet printing Si-ink on Si wafer
Inspired Solar* ? Private ?
Miasole 2003 Private CIGS
MicroLink Devices 2000 Venture GaAs
Nuvosun 2008 Private CIGS
PrimeStar Solar 2006 Venture with CdTe modules
NREL technology
Semprius 2008 Private -V and Si
Skyline Solar 2007 Venture Concentrating solar on Si wafers
Solar Junction 2007 Private Multijunction concentrating
Solaria 1999 Private Crystalline Si Solar
Solexel 2005 Private Amorphous Si
SolFocus 2005 Private High-conc PV
SoloPower 2006 Private Flexible thin-film CIGS
TetraSun* ? Private Crystalline Si Solar
United Solar* 1999 Energy Conversion Flexible polymer-substrates,

Devices spin-off

* Information about these companies was limited or unclear

thin-film a-Si
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avoids reliance on fansgn petrolewsm.

New generations of nuclear power plants hold a ey fo mesting the
nation’s enangy independence and clean andegy goals and wil be a
catalyst for job growih in the energy sector. These new plants will
b gapacted 10 have passive salaty sysloms, provide mors efficient
use of ruclear fusl resources and produce iower volumes of nucloar
waste, and include spacation al igher lem paratures or rsdiation Nelds.
Advanced materials offer the promise to maat the challanges of mone
demanding oparsling emircnments and sokstions 1o eSective nuclanr
wasle disposal, Advanced materials developed by the application of
computaticanl modeling lools will provide mone reliabie parformancs
at higher temperatures, in mome comosive emdronmants, in higher
racfintion feids and for longer times. Such materials developments
will spaen néw classes of siruciural matersls, advanced cermmics
and coatings for fusts, and reactor componants and theer aasociated
marnsdacturing technologies.




G RNTEOLOIEG SR efficiency of energy production from fossil fuels

’

FOSSIL ENERGY ............

Ko than two thinds of the cument and projected enengy generation is from fossil
Tuals. Clearly this source of enargy |8 of crtical Importance. Advancad mabesials
have enabiled several significant iImprovements. in energy eficiency from systems
converting fosail fusls o ansgy. Whether tha fusl is comerted to slechricity in
@ combined cycle gas hwbine or & boller'steam turbine system, both systems
produce higher efficlencias when coansled a Figher tempaentures. Significant
aflorts ower the past decades have resulled in advanced mabérials for usa in bath
gas turberss and Doilon st Tt aouipmsnt.

Coatings applied to hat componants in gas urbines have alicwed Highar cpanating
Iamparaiures theneby resuilng in efliciency mprovemants. The newest combined
cyche gas furbine plants have net plant efficiencies of 60% or groater.

idvances in materials have nlso resulted in signiicant improvemaents in the overall
afficiency of comvaning tha sndrgy in fha fusl o elecincity, Companies producing
sdvancad matenals and bollsr manufachrens have workad topether 1o develop
e materials for use i supercritical bollers. These naw materals and The mew
power cycles they enabile hive allowed afficiencies of coal fined power plants 1o
b Increased b 42%.

Through the development of advanced coatings and new methods of applying the
coatings as well as new materials, significant reductions in fuel corsumption with
an associnied reductcn in gresn house gas and cfhar oriteria pollutant smissions
Fuin i resalined.

New materials are needed to fo sustain the environmental and economic benefits of nuclear power

Nuclear power plants make substantial contributions to state and local
Bconomios

= Each nuciear pownr plani genermios seveenl Shousand joba during construction and
avar S0 high paing joba during ogerlion

= Tha typical nuciear power plani contributes approximately hall @ bikon doliars
in B local economy, generates rearly $430 milion in saks of goods and sendces
it local community snd nearky $40 milkon intotal nbor income (estimabes based
upen 22 1U.5. muclanr power plants)

+ Tha typical nuclear plant goneraies sinbe and local tao nevenue of noarky $20 millon
each year, benafiting schocks, roads and other regicnal inkairucture; and federal
tax paymants of almast £75 malion par year

Much ol the success and reliability of nuclear power plants is the result
of pdvances in materinls

* Lind ding of kang tamn pr vzt stesd b

= (Cormosion resistant nickel bass aloys

= Dimensionally stable zirconium fuel cladding

& Lirsnium ooccle husl pallsds.

Matorials RAD is neaded to moot advanced reactor system and waste
disposal requirements

= Daovelop naw classes of structuml materiais capabie of cporating af tesmperiuns
TOO'F higher than thit of today's ght water reactors

= Dwlop shanced computaticnal materials performance modeling tools, key
ennbiers 10 transition new maledials Mo sdvanced reactor Bysiams

= Dovolop profiferation resistant nuclear fusd through advances in censmics and
coatings 18chnology

= Dovalop new matarials 10 contain nuolear wasts for geciogic Ma times
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Reducing the environmental impact of power generation from fossil fuels

Two significant challenges associaied with fossil energy fired power plants am cost
mdvaninge of unconmvntional gas mSenes.

Opportunities to reduce CO, and other pollutants in a cost effective way

+ Devalopment of advanced materals and coating techniques 1o aliow Opemeon
of steam cycles ab highar temperntures ard prossures o continua 1o increass the
efficiancy of the povwar plant

* Owypen based processes show sgnificant promise for velding the lowest cost
sohulion for carbon capbune Bnd BEGUESTTELON. New melthods 10 penimte oxygen
with lowesr povesr requinements ams roguined 1o reduce the parsitic load on the power
plant. Devvslopman of axygen lon sslective cernmic mambranag has the potential to
significantfy neduce the cost of producing oxygen at large scales mquined for power

[ ]

= Dyvolopment of high lemperature motals with sssociated weiding and foming
procaduns will snable consiruction ol advanced ulti-supsrcritcal plants. Efciancy
paing of al loast B-10% are anticipated, resulting in substartinly reduced rebsses of
CO, mnd other fusl-relatd poliutants and grenhouss QRS Dy nearly 0%

Opportunities to take advantage of unconventional gas resorves

= Development of Improved propping agents Mal can survve exbmmety high stresses
and e CoemosEn resistant

* Waar resistan] coatings on drils 1o alkow deeper wells

= Dwvalopmant of high stength, comosion maisiant aoys for use in well casings and
doap woll diill pipe

LG CHRSOIOR G EISWAIEY central to realizing gains from biofuels and hydrogen

BIOFUELS

Biotusls from the stroctural porion of plants jcelulcsie biomass) and algss offer the pobential
fo replace up bo 30% of LS. transportation fusls, reducing the economic dmin of $300 billon
por yoar that lsaves LS. shares dor the purchiase of foreign ol and increasing the security of
our srugy supphy. B g down cellulosa, tha ch tant bridding blocks of plants,
requings aggresshee chamical processes and catslysts. and maberals with long Eetimes 1o
contain and manipulate these cormosive chemistries. The celiular membranes of alges are
fich in the rew matenals for preducton of hydeecarbon chiins of gasoling and desel fusl, but
read their own special chemical routes and catakytic materials for conversion. Many of these
chmical proceises and CHIRlysts adst in nalure, SUch B8 in he dgestive syalems of Db,
whre celilose & comested o Sugars thal can be further fermented to aloohol. Advanced
maierials and analytical 1ools & nesded o undersiand the subitiobes of these natural fuel
production processss. and then bo design artificial anaiogs that directly and efficiently producs
thia desired and fusls.

BIOFUELS & HYDROGEN

HYDROGEN

The cleankinass of frydrogen and the efficency of fuel colils offer an appealing allemativ 1o
fogsil fusls, Implamenting hydrogan-powernd fusl colls on o significant scale mguires major
acivancss in fydogaen prodiaction, shorsge and use. For inrsportation, Bhe crernrching bechnical
chaflenge for hydeogen s how o stom the amount of hydeogen requied for @ conventional
diriving mng e {=300 milsa) within the vehicls constramts of weight, volumae, siliciency, safety
and cost. Dunbility over the performance lifetime of these systoms must also be varified
ang valdated, and acceptabis refuslng times must be achivad, New matedals for profon-
canducting mambranas. thal operate above the boiling point of water are serioushy needed
Catnlysts for the oxygen mduction maction that produces water of the cothode present &
special challengs— platinum, the best perorming catalyst, is too axpensie and lmited in
suUpply to mesl widespread global rensportation nesda.

Baryond trangportafion, frydrogen from coal or biomass gasScation offers hgh eficancy (up
o B0 elacinicity production for the grid. In these stationary applications high deraity siomge
Is not @n mswe instead the challnges are Anding elsctrodes and ouygen lon-conducting
mambranes for solid coide fusl cells that operats in tha rangs 600-800°C. The challenges for
Fycirogen and fusl celis are overaheimingly malerials-contric, spanning sicrage in frydnogen
COMPOoUNdE, Conducon ol prolons of cRen ons in membranes, and catalysis and secirodes
for Bberating or caghuring electrons in chemical bonds.



Research and development efforfs fo meet the materials challenges in alternative fuels

Materials challenges are pervasive in implementing bloluel technologkes

and in developing new bioluel types

= Comosion resistend maberale for biofusl processing due bo the cormosive. nalues ol
alcohols

= Biaw catayuts for hermochamical comenion of ignocelulones 1o fusls

= Maberials for combustion processes:

= Mnberials for captunieg CO, for Ling Rs o nuirent [ cultivale sigae

» [Improved mabarials and chomical procesces for water fitration and desalination

= M anahdical 1ot to characteine mponant biologeeal procesded s lipid lormaton
a5 & function of gena modification

[Piants and algne can dimcily produce hydrocarbon fusis los mathane o cctana. The
rmetabokie systema ol plants and nkgas have the complexity to produce hese fuets, bul
have nereer axprianced tha selactive pressuns that would encournge Their development.
Haroscale modication of genes ond proten Esemiblies 1o enable plants and plgae 1o
dinecty produce hydeocarbon fusls is a new frontier of materals mesanch.
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Further research is needed to improve the efficiency, refusling times,
reliability and IHatime bahavior of materials (o enable commarcislization
of advanced hydrogen powered fuel-cell systems

Ihyueogen s deploymd in sach of thase technology dreas, an iNCradsing demand sdsts for
sale, milable and kow cost hydrogen component materisis. Further research is nosded

1o divalop

* Low-cost materiats resistant 10 ydrogen-assisted cracking and embrittiement

= Foversible matal hydrides o improve the anengy stomge capacity of commntional
Fydragen slofags sysiams by a inclor of beo. Their energy storage capacity is up to
fon timas higher than that of lithium ion batiores.

ENERGY EFFICIENT TRANSPORTATION

Advances in materials science have beon key enablers of cur modem festyle,
inchiding personal (ransponation (8.0, aAomobdes). and mass transponakion
af people and products {y ak. truck, rail, ship). For example, advanced rubber
compoabes have dramnatically sotended the e of tink, snd apploation of naw sbisis
s bod 10 exhaust sysberna that commonty endune for the e of the veticke. Similarty,
the devalapmant of compsion resstant coatings has now snabled kng atimes of
the bodly structurs and improved cosmaetic appeanance. The chalanges of the naxt
gananation will be somewhal differant, but thase chalengss will bas ovancorma Siough
developmants and applicalion of new or improved maberials.

The worid's growing dependencs on scame oil resources in combination with
concerma related to chmale changs and graenhouse Js emisaons demand the
development and deploymend of vehicles with reduced petroleum consumplion.
A% the samss Tims, Corsuman iequinements demand that the solutions be cbianed
o low' cost. and prefenably without any loss of performance, passenger salaty or
covwersnce. The hturs nesds will Be mel Through & combination of NG
fuel afficiency, use of alternade fusis or enongy sources, and “Sghtweighting™ (or
parhaps dowraisng). Advanced maternls research and development will pliy an
important erabiing nole in all of thess areas, and wil contribute substantially 1o the
techrological mesds of future vehicles,
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Advancing the development and deployment of vehicles with reduced petroleum consumption

Materials challengas and opporiunities
Continuod redugticns in vehicks mass can be achisved theough

= Acvinced High Strength Shaet Steols (AHSS) devsloped to enable iow-
cost crash-resistant vehicle structures o be marufacthured with reduced
sheet Thickneas and vehicls weght

= Light metal developmants and applcation of nes alaminum, magreskam,
fitarien alloys, sic.

= Carbon fiber compoaites may also play an increasing role, especially
wihan the weigh! aavinga can justily 1he much grester cost
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Lt bechnociogy laipd will b Rssocinled wah

+ Electrificabon and aNiernate fusls such s ydrogen

= MNars materials developmants B0 onhance enangy storoge (edvanced
Eeatiaries) and conversaon

* Autmnoned magnetic matorals and slectric molors

® Mambrarss snd cxalysts for fus cels

= Structonl materias for high power-density drivetrins.

= Mera mmaterinl lommulations and manufsciunng proceasses o impstve lin
performance and fual afficiency

the energy efficiency of building systems

ENERGY EFFICIENT BUILDINGS

The building sector in developed countries Sooounts for 40% of primary enengy
consungition, T of slectricity use and £0% of atmespharnic smissions [mons
Ehan thoss ssscciated with araporiatan). in addifion 1o human bahavion, poor
design and inadequate use of technology contribute to this gucesshe use of
enayy in buldings. Despite ihess numbers, emendous progress has besn
mada in erwegy efficiency during the last 10-20 years as a result of advances
in maberiais eading to ninw gnssn insullilion mabeviats, low emisshily windows
and compact Suonscent lighting.

Thoere are numaous places in 4 bullding whore materinls impact sneny
efficiercy but thiry st work logethes 1o hinve miskmum bensl, Inlegrted
buliding systema, theafoms, ore sasential 1o enongy effickent and red-zem
approaches, bul mouie 8 change in cullum 10 Bng designers, contrmcbons.,
utiities and end-users 1ogather in the process. Al present, net-nero bulldings
o tachnologically possibie but ane & magor challangs, Achesding cosl affectie
reot-ron budding systems requines lower cost multifunctional matesials, mone
afficion sokd atate lighting materials, mone commosion matsiant matals and
improved manudaciurning processes.

BUILDING EFFICIENCY




Materials research is fundamental o nef-zero energy buildings

Matarials have incressed the energy efficlency of todey's bulldings

= Compact lucrscent ighting and light emitting diodes (LEDs}, mducing lighting
Eaits and haat ioads

= Ciool roofs, saving enangy

= High aficiency Fbengiass insulblon

Aress of further reseanch and developmsnt

Mary opportunities euist for materisls advances to mduce tha snegy use
and nimoaphenc amissons Minbuled 1o the buikfing sactor. The enamy and
oost performance of walla, rols, windows, mechanical systams, and on-site
renewabie slecirical ard thermal Syslems can &l be improved through advances
in materials.

—
[
=
(T
—t
[
[
[
0D
=
=
]
—_
(==

* Phase change materials capable of stoing or mlsasng lage amounts of
entegy in Be walls, floor and rocl, tharshy S5ving ensegy and smocshing the
thermal profile

* Dpticsl metsmatenals and photonic crystals potentally snabling optical
enginedning using struchured inorganic nanomaberials 10 positively influence
tha sol gain wnd provide ng 180 duratiity

= Bectmchromic, suspended particke and liguid orystal glasses maponding 1o
ccoupala and axbeenad condiions bo actively controd Both kght and soler gan

Potential impact

Low emissivity (low-a) windows amn doubla of iipls panes with & mailtl-layer
conting consigling of six diffensnt materials in & stack of 18 imaaitle, microacopic
thin fims. If aBl axisting buildings in the U.S, and thoss planned for the naxt five
Yo s such low-g windows, the ULS. would save $40 billion in gas and
slactric costa each year and reduce annual CiO emissions by 123 million tons
{escpuavmbesnt o 20 mallon cars on e rmac).

Ersergy saving lamps and light emaling diodes (LEDs) use B0 less slectriclty
and last 15-50 times longor than incandescont ght bulba. Thase ame used lodoy
in vehicis headlights, diapiays and genaral Bohiling syabema. Swiiching 1o enangy
saning lamps and LEDs has the potential to meduce snnual GO, smissions by
misirly 450 millon (ons wordwide.

storage and long distance fransmission

ENERGY STORAGE AND TRANSMISSION ...

Thane are about 160,000 miles (257 500 kilometers) of transmission lines of 110
Rikovolta s aborve locabed throughout the continantal LLS. They ransmit slecincity.
aften ower long distances, between poveer plants and substafions. Energy nescurces:
toasd fusls, nuclsar, Fydrostecine, renewable) provide negional concernations. of
power hal do nol necessariy match regional consiumption in either me of use or
gecgmphical datribution. Sokions ncluds ansmeasion of powss owe intentals
distances and storage al both the source and the point of use, or incroased e
of distributed erargy gensraton which alleviabes transmession bul 1 requires
aiorage.

Energy storage has many berefits, B allows Sming of delivery to maich demand,
mithgaies and alrmrdies inDerMiItEncy i Dowsr QENaration of Bolthanssci in celivery,
ekminates bisck-outs and brown-outs, and reduces coal and groenhouse gas
production by mplacing salaly Mamins SUCh & POWS ow-ganemEin g
fircan uiilities,

Eloctric powr ranemission, e bulk tanaler of slactrical endegy from penonating
plants to substations, requinss using high voltage and kow resistance. Tranamission
fings, when interconnected, few redemed 10 & power grids. North Amenca has thise
major grids: The VWesbern Interconnect. Tha Eastern interconnact and 1ha Blectric
Faokabiity Courcil of Texs ERCOT) grid.

ELECTRIC GRID




Advanced materials are needed fo enable infegration of renewable energy sources and controls

Challonguos limiting significant imegmtion of mnewable onergy sources and
conitrols nchite intmealing demand, meducing depandencs of Tossil fusl and
mm*mmﬁ_ummmm
epponunites 1o improvs the slectric grid in anas such o new grid concapts
[smart-, groan- and micro-gridsl; control systems for protection, maasunsment
an COmITUCRiGNS. Sorage; scalabity; securly; and genaration

Energy storage solutions require short-term as woll as long-term
high capacity storage methods and materials
Shart-larm

= Suparcapacibon —carbon nanolube or olher alectrods materais with high
imismal surince area, high polar slectrobytes:

+ Batteres — deen dischange and high cycle materals Sifam-based batberios,
e acid with new eloctrodes, flow batberies)

Lesng-orm
= Compressed s ehery slorage—lame scals Gavems (sl mock, ofhem)
= Thermal enargy storage (low froezing point lguids)

Improved transmission requires high voltage and low resistance
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* Low conductivity materinls and materinls wisth high dislectric breakdean
including copper and copper-aluminum alioy conduciors; existing and new
ERIPECOr U nrE; (IASE, B, VECUUTT BN Niw RELEIDes

compromising the ability of future generations to meet their own needs

shon ferm goals and develcpment of scientific tools for full iHe cycle impact anakysis

imaaaureimants, stanciess. medels snd data).

aterials scance has a0 immadiale and dinect connection 1o sustainabslity through

= Efficient use of energy-infonsive materials thal wa use everyday. Recycling aluminum,

= Rstention of stralegic maierials —scarce but aritical materials for technology. The LLS.
relias. on maeTy other countries for Birmege malprials whos SUpply coulkl De restricied
by military or poliical actions. Specifically, the U.5. depends entirely on its imports
of cheomibum for stainkess and fool steals, and igh tempanstune Tumaces: ceball for
pas turbines and |et engines; i niotably reody for hvitated
wind burbines, manganess for stealmaking: platinum for slectrorica; and fthium for
batterios

= Mitigation of comesion, polulicn ardd olher negative impacts of eschnology and
economia growth
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= stmwardship in which scientific analysis is usod 10 guide decision making bo continually
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Materials research can build our legacy to future generations

Sustainobilty B much mome than eméronmental stewardship, s conoepts
Inciuche; Fensrwabie ereeqy, Claan erely Techinoiogy, renewakds Mdstocks, gren
manufacharing. materials management (substilution, recycling, neuss, epupoe,
Il cychs anabyss), and wabsr snd ar Imanagemant,

The grestest chalienge lor materols scienlisls and engmeers B 0 deaign,
develop and commaencialize recycle-fiendly matorials, prodocts and systoms.
Opportunities 1o make significan! contributions inchude

= Develop improved furnace materials for metal mefting, gas managemsent and
fedrmant il highar, mom afficient tempseiumes.
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+ Develop materials xtraction technologies fo sor gic materials
in steels, vohicles, computers, solar systems. and cifes mass-produced
products

» Dwvelcp alternative materiols ior slectronic semiconductor thin flms, matal
cormechons and conacts thal ore abundant, kwer cost of nontoade

* Devulop groonor ‘ 3 ANl Sy prod, [\ with matariais
\hal producs less ar and waler poliution, thal purity water for dinking, and
captum poliution bofor it eaches our simosphem

LTSS an essentiol foundation for our economy and national security

This conniction I8 chear befwesn materials resaarch and (e eregy technologies
Ehat v rely on loday and those we need for our future, Malorisls research and
devalapmant {5 o global purmult. It covers a broad set of scnce and engingeing
dsciplines and engages msearchens across academia, industry and govemmnt
labaratoties. Maberials b glsiks 1o Lnd d fundamental physical and
chasmical proporties, and than uso that undesiandng 1o improve e technology
base thad we count on bo mesd our needs for enangy, national security and delense,
information technology and telscominunications, corsumer products, healh cam,
and mons.

v Cur eConoemy & compatitive advantage for job growih. The demand for energy
in the LS. continues 1o rise. Tha ULE. Energy Information Adminisiration projects
M LS. enkegy nead will increase by twenly Icushnd megawaits asch year for
B rct fwveenty-fiva ynars. Tha global demand for eneegy is increasing even mone
rapidly, espacialy in developing countries. The global compatition will be fiece
to develop advanced energy technologies 1o mesd this demand and do 80 ina
way thal ls sustsnable and envifonmentaly responaible. Being ot the Saretren] of
urinrials msaarch will allow the LLS. to compets aggressively in imporiant domestic
and global enengy markets, enabling us 1o proaper economically and addmss our
raliTional ersiey aacurily.

Advances in materials sciences impact our lhves every day —irom strong, ightwasght
mrlerials & the hearl of commarcial and mililary planes, o advanced nlegrated
cincuits that drive our computers and telscommunications, o the diverse armay
of high-performance plastics that we sse everywhene. Beyond energy, malerials
resEanch s lad 1o Me powerlul diagnostic Feluments used for healihcare (e.g
MAI), the improved armor saving the ves of our soldiers, and the satolites and
spacecralt that ket us communicate je.g. GPS] and sxplon space.

Materisls developments ane often invisible to usars of technology, but they are at the
heasaert of 50 many important advances, The bmakihroughs of the past took time and
pather irveastrmend in the pedple and e infrastnectune for scientific ressah. Craating
ENi SRR nd Bngindining Messdad kor A proapanous and susiainabls snsegy fuluns
wiill tnke the same long-lemm approach. This means investing in the isading-adge
resasarch and educaling the next genemations of scientists and engineens nesded 1o
SECLER Col COUNtny's techrolagical leadershin
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13 Appendix THREE

Energy Critical Elements

(by courtesy of Materials Research Society (MRS),
Keystone Drive, Warrendale, PA, USA)
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Energy Critical Elements: He

Helium

Ga Ge Se

Gallium Germanivm Selenium

Pd Ag In Te

Palladium Silver Indium Tellurium

Pt

Plotinum

Tb Dy Yb Lu

Terbium Dysprosium Yterbium Lutetium

Securing Materials for Emerging Technologies

A REPORT BY THE APS PANEL ON PUBLIC AFFAIRS & THE MATERIALS RESEARCH SOCIETY
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ABOUT APS & POPA

Founded in 1899 to advance and diffuse the knowledge of
physics, the American Physical Society is now the nation’s
leading organization of physicists with more than 48,000
members in academia, national laboratories and industry.
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EXECUTIVE SUMMARY

A number of chemical elements that were ence laboratory curiosities now figure prominently in new
technologies like wind turbines, solar energy collectors, and electric cars, If widely deployed, such
inventions have the capacity to transform the way we produce, transmit, store, or CoNServe energy.
To meet our energy needs and reduce our dependence on fossil fuels, novel energy systems must
be scaled from laboratory, to demonstration, to widespread deployment,

Energy-related systems are typically materials intensive. As new technologies are widely deployed,
significant quantities of the elements required to manufacture them will be needed. However, many
of these unfamiliar elements are not presently mined, refined, or traded in large quantities, and,
as a result, their availability might be constrained by many complex factors. A shortage of these
“energy-critical elements” (ECEs) could significantly inhibit the adoption of otherwise game-changing
energy technologies. This, in turn, would limit the competitiveness of LLS, industries and the domestic
scientific enterprise and, eventually, diminish the quality of life in the United States.

ECEs include rare earths, which received much media attention in recent months, but potentially
include more than a dozen other chemical elements, The ECEs share comman issues and should be
considered together in developing pelicies to promote smooth and rapid deployment of desirable
technaologies.

Several factors can contribute to limiting the domestic availability of an ECE. The element might
simply nat be abundant in Earth’s crust or might not be concentrated by geological processes. An
element might only occurin a few economic deposits worldwide, or production might be dominated
by and, therefore, subject to manipulation by one or more countries. The United States already relies
on other countries for more than 90% of most of the ECEs we identify. Many ECEs have, up to this
point, been produced in relatively small quantities as by-products of primary metals refining. Joint
production complicates attempts to ramp up output by a large factor. Because they are relatively
scarce, extraction of ECEs often involves processing large amounts of material, sometimes in ways that
do unacceptable environmental damage. Finally, the time required for preduction and utilization to
adapt to fluctuations in price and availability of ECEs is long, making planning and investment difficult.

This repart surveys these potential constraints on the availability of ECEs and then identifies five
specific areas of potential action by the United 5tates to insure their availability: 1) federal agency
coordination; 2) infermation collection, analysis, and dissemination; 3) research, development, and
workforce enhancement; 4) efficient use of materials; and, 5) market interventions, Throughout this
report, narratives on particular ECEs are provided to clarify these five action areas.

The report’s specific recommendations, which can be found in their entirety in Section 4, are sum-
marized as follows:

Coordination

« The Office of Science and Technology Policy (O5TP) should create a subcommittee within the
Mational Science and Technalogy Council (NSTC) to 1) examine the production and use of energy-
critical elements within the United States and, 2) coordinate the federal response,

Information

« The U5, government should gather, analyze, and disseminate information on energy-critical ele-
ments across the life-cycle supply chain, including discovered and potential resources, production,
use, trade, disposal, and recycling. The entity undertaking this task should be a “Principal Statistical
Agency” with survey enforcement authority. It should regularly survey emerging energy technolo-
gies and the supply chain for elements throughout the periodic table with the aim of identifying
critical applications, as well as potential shortfalls.
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Research & Development

« The federal government should establish a research and development effort focused on energy-
critical elements and possible substitutes that can enhance vital aspects of the supply chain,
including geclogical deposit modeling, mineral extraction and processing, material characterization
and substitution, utilization, manufacturing, recycling, and life-cycle analysis. Such an effart would
address critical, but manageable, workforce needs,

Materials Efficiency

+ The federal government should establish a consumer-oriented “Critical Materials” designation for
ECE-related products. At the same time, steps should be taken to improve rates of post-consumer
collection of industrial and consumer products containing ECEs, beginning with an examination
of the numerous methoeds explored and implemented in various states and countries,

Market Interventions

+ The Committee does not recommend that the federal government establish nen-defense-related
economic stockpiles of ECEs with the exception of one element: helium, Measures should be
adopted that both conserve and enhance the nation's heliem reserves,

These recommendations call for actions that fall within accepted roles for government: statistical
information gathering, support for research and workforce development, and incentives for select
activities, Taken together, these recommendations will work to enhance the domestic availability
of ECEs.
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INTRODUCTION

WHAT I5 AN “ENERGY-CRITICAL ELEMENT"?

The twin pressures of increasing demand for energy and concern about climate change have
stimulated research into new sources of energy and novel ways to store, transmit, transform,
and conserve it. Scientific advances have enabled researchers to identify chemical elements
with properties that meet their specific needs and to employ these elements in energy-related
technologies. Elements, such as gallium, indium, lanthanum, necdymium, and tellurium, that were
once laboratory curiosities, now preminently figure in discussions of novel energy systems. Many
of these elements are not presently mined, refined, or traded in large quantities.

To meet energy needs, new technologies must be scaled from laboratory, to demonstration, to
implementaticn, Many energy-related systems, such as wind turbines and solar energy collectors, are
materials intensive. If new technologies like these are to be widely deployed, the elements required
to manufacture them will be needed in significant quantities,

We have coined the term “energy-critical element” (ECE)' to describe a class of chemical elements
that currently appear critical to one or more new, energy-related technologies, A shortage of these
elements would significantly inhibit large-scale deployment, which could otherwise be capable
of transforming the way we produce, transmit, store, or conserve energy. We reserve the term ECE
for chemical elements that have not been widely extracted, traded, or utilized in the past and are,
therefore, not the focus of well-established and relatively stable markets,

The general subject of the availability of minerals is huge and inextricably connected to almaost every
aspect of our culture and econony. We limit our attention in this report to elements that have the
potential for major impact on energy systems and for which a significantly increased demand might
strain supply, causing price increases or unavailability, thereby discouraging the use of some new
technologies. Our focus is on energy technologies with the potential for large-scale deployment. We
evaluate constraints on the availability of ECEs and make recommendations that, if put inte practice,
should help avoid these impediments.

This is not a report on any single ECE or group of elements like the rare earth elements (REEs) that
have recently received so much media attention. Instead, it focuses on issues that are common to
many ECEs and on policies that could contribute to a steady and predictable supply of ECEs or the
development of satisfactory substitutions.

This report presents several examples of ECEs, but it is not our intent to generate a definitive list of
ECEs. Indeed, any list of ECEs will change over time, as technology and other factors evalve,

A representative example of an ECE is neodymium, a component in high-field permanent magnets
(known as necdymium-iron-boron magnets), which are key compenents in wind turbines, hybrid
cars, and other advanced electromagnetic-to-mechanical conversion systems. Another example is
tellurium, an important component in thin-film photovaltaic (TFPY) panels that may decrease the
materials cost of producing solar energy significantly.

An element might be "energy-critical” for a variety of reasons. It might be intrinsically rare in Earth's
crust, poorly concentrated by natural processes, or currently unavailable in the United States. Some
potential ECEs, such as tellurium and rhenium, are genuinely rare in Earth's crust.’ Rhenium, for
example, is rarer than gold by approximately a factor of five. Others like indium, although not as rare,
are unevenly distributed in Earth’s crust, causing the United States to be highly reliant on imports.
Still other ECEs, such as germanium, are seldom found in concentrations that allow for economic
extraction.

1. See Figure 1 for aversion of the penodic table of e
ard groups of elements that figure prominently e «

15 in which possible ECES are highlighted. Specific elements
escribed further in bowes theoughout the repaon

2. We take all cur abundance figures from (Lide, 2005], There is considerable debate over the precise values (a variety
of differant B5 arn d on the Wikips bsite, hit nuwikipediaony wikifAbundances_of_the_sls-
ments_[data_page]), but the exact values are not essential to our anabysis.




Geopolitical Issues can arise when a critical element is produced in a small number of countries or
In a location subject to political instability. Technical expertise in extraction, processing, and other
technalogies tends to follow the resources, leaving the Uinited States at a further disadvantage when
thie primary production of an element is overseas. The present concentration of REE production in
China is a particularly pertinent example. Although the United States led the world in both preduction
and expertise into the 19905, over %5% of these impartant elements are now produced in China, and
China is rapidly becoming the center for REE extraction and processing expertise, Even if natural
resources exist in a country, a lack of expertise and extraction, refining, and processing infrastructure
can significantly influence international trade of ECES, as is now the case with REEs.

Many potential ECEs are not found in concentrations high enough to warrant extraction as a primary
product, given today’s prices, Instead, these ECEs are obtained primarily as by-products, during the
refining process of other primary ores, especially copper. zing, and lead, This applies to tellurium
and indium, which are currently obtained as by-products of the electrolytic processing of copper
and zinc ores, respectively, By-production and co-production present special economic issues. For
example, it 5 unlikely that the mining of copper (production value approximately S80 billion in
2009) would be driven by an increased demand for tellurium (production value approximately 530
million in 2009), However, the way that copper ore is currently processed might well be modified
to obtain more tellurium,
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Figure 1, Possibde Energy -Critical
Elemnents {ECEs) are highlighted an the
periodic table. The rase eprth elemsnts
(REEs) inchude lanthanum (La), cerium
[Cel, prasecdymium (P, necdymium
[Med), promsethivmm (Pm), samadium Sm),
eurapium (Eu), gadalinium (G, terbiwm
[T, dyspresiurn Dyl halmium (Ho),
eriinam \Erd, thulium (T, yiterbium
(Thl, and lutetium (Lul, The clossly
refated clements scandium (Sci and
wrtrlum (Y ) e often included as well
The REEs are considered as a family,
although Pm is unstable, and Ha, Er,
and T have no energy-critical ees at
present and are amitted from our Rst.

¥ wogether with the Th—Lu form the
heawy rare earth elements (MREE], and
5c plus Ce—Gd consthute the Nght
rare garths (LREE). The platinum graup
elerments (PGEs) Include ruthendium
[Rul, rvadium (Rhl, palladburm (Pd),
cmivern (O], iriediam (e, and platimim
[Pt} Adddivsonal ECE candidates Int hude
gallturm (Ga), germanlum (Ge), selenium
[%el, Indium (En], and telluriam (Tel, all
semicanducton with applications In
photovoltaicy Cobalt (Co), helium He),
[ethiuin (LE], rheniwm (Fel and silver (Ag)
o out the list
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Many of the energy-critical elements
identified in this report are produced
jointly with other elements. At mines and
processing facilities that yield several end
products, commaodities are categorized
based on their relative importance to the
overall commercial attractiveness of a
given project. These commaodities can be
labeled main products, co-products, or by-
products. A main product, by itself, largely
determines the commercial value of a
project. Co-products exist when each of two
or more elements significantly influences
the venture’s commercial viability. A
by-product plays a relatively minor role

in a project’s commercial appeal. Many
ECEs are, at present, only obtained as by-
products of commedity metals. Since a REE
mine inevitably produces some amounts
of all the rare earths and since some have
much higher economic value than others,
it is useful to regard all of the REES as

co- or by-products of one another. Even

if rare earth supply and demand were in
equilibrium on average, some REEs would
always be in oversupply and others would
always be in undersupply, Similarly, the
platinum group elernents (PGEs) typically
occur together and are best regarded as
co-products with one another.

Among other energy-critical elements,
gallium is obtained as a by-product of
aluminum and zinc processing; germanium
is typically derived as a by-product of

zing, lead, or copper refining; and indium

is & by-product of zinc, copper, of tin
processing. Selenium and tellurium are
maost often by-products of copper refining.
In some cases, the rare-earth elements may
be the by-products of iron, zirconium, tin,
thorium, or uranium production. Helium is
a by-product of natural gas production.

Sometimes joint-production has
unexpected consequences, Cadmium,
an impartant component in some thin-
film photovoltaics, is a by-product of zing
processing. Because cadmium is toxic,

it must be removed from zine during
refining. For this reason, its applications
are also limited (USGS, 2010). Thus,
cadmium is inexpensive compared to its
crustal abundance {Price, 2010) and is
unlikely to be scarce or unstable in price,
for the foreseeable future, Cadmium has,
therefore, been omitted from our list

of ECEs,
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Several additional factors complicate the availability of ECEs. Some potential ECEs
are toxic; others are now cbtained in ways that preduce environmental damage that
is unacceptable in most countries, Many ECEs are available only in low-grade ores,
which necessitates the processing of tons of rock for each gram of element recovered.
MNew mining ventures require long and complex permitting processes in the United
States and other highly developed countries. The lag time between increased demand
and the availability of new supplies can be extensive. Recycling and the existence of
secondary markets for ECEs is quite variable. For example, recycling is highly developed
for the platinum group elements (PGEs], but almast nonexistent for most other ECEs.
Sometimes, one element can be substituted for another in a new technology, but more
aften than not, substitution requires significant research, reengineering, retooling, and
recertification with attendant delays.

A definitive list of ECEs would require extensive study based on information about
CCOUMTENCES, reserves, extraction, processing, utilization, and recycling, much of which
is nat yet available, With the understanding that cur list of ECEs is illustrative, rather than
definitive, we can enumerate the elements we believe, at present, to be good candidates
for the designation of “energy-critical:"

= Gallium, germanium, indium, selenium, silver, and tellerium, all employed in advanced
photovaltaic solar cells, especially thin-film photovoltaics.

= Dysprosium, neodymium, praseodymium, samarium (all REEs), and cobalt, used in
high-strength permanent magnets for many energy-related applications, such as
wind turbines and hybrid automobiles.

= Most REEs, valued for their unusual magnetic and/or optical properties. Examples
include gadolinium for its unusual paramagnetic qualities and europium and terbium
for their role in managing the color of fluorescent lighting. Yttrium, another REE, is an
important ingredient in energy-efficient solid-state lighting.

= Lithium and lanthanum, used in high performance batteries.

= Helium, required in cryogenics, energy research, advanced nuclear reactor designs,
and manufacturing in the energy sector,

= Platinum, palladium, and other PGEs, used as catalysts in fuel cells that may find wide
applications in transportation, Cerium, a REE, is also used as an auto-emissions catalyst,

+ Rhenium, used in high performance alloys for advanced turbines.

Many of the elements on this list are presently produced in very small quantities. For
example, in 2009, worldwide production of germanium was 140 metric tans (MT) (USGS,
2010). The production of tellurium’ was estimated at only 200 MT.

Many important elements are notably absent from this list. Copper, aluminum, iron,
tin, and nickel are absolutely essential for energy applications, However, because they
enjoy large, mature, and vigorous markets with many suppliers, a strong demand from
the energy sector would maost likely be met with a market-driven increase in supply.
For example, the broad distribution of copper and aluminum sources across the globe
is illustrated in Figure 2. We omit these metals from our consideration, because they
form a category of their own, They share more in common with one anather than with
the less familiar elements in the ECE family. We exclude carbon (as coal, oil, etc.) and
uranium, since they have been the subject of many studies and mature regulation;
moreover, increased demand does not create novel issues for these elements, beyond
those already explored in the economic, technical, and political arenas. We exclude
elements like phosphorus and potassium for which we can see only peripheral relevance
to energy issues. Some largely manmade isotopes of elements like He-3 have important
energy-related applications (e.g., neutron detection) but have more in common with

3 Estimated, the exact amount of tallurium production s unknown,



other artificial sotapes than with the ECES In our study. Finally, there ts considerable overlap between
elements that are critical for energy applications and those that are critical for national defense. REEs,
which have many defense-related applications, are an important example. We have not considered
national defense matters, nor do we consider elements like baryllium that are critical for defense
but do not have prominent energy-related applications.

In this section, we examine the potential constraints on ECE availability and provide the geologlical,
mineralogical, economic, or political background regarding possible limitations. Where possible, we
Hiustrate the issues with examples taken from our list of ECEs and provide additional information in
a series of sidebars that accompany the text,

.wﬂiuﬁqm @ Coemtras with 4% o morw ) Dt couttren et ptucton
procycer (Crim, 2% of gickal prodettion o TR TEBETVRE
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Figure 2. Leading copper producing
comantries in 2000 were Chile (34% af
glubal production], Peru (8%). LS. (8%),
China (6], Indonesia (690, Australia
6%, Russha [550), Zambia (4%), Canada
13%), Poland {3%), Kazakhstan (3%,
and Mexco (%), Mongofia and the
Damocatic Republic of Congo have
major, tecantly discovered reserves.
Leading aluminumyon (bauxile)
producing countries in 2009 wers
Avsteabia (31%), China (YE%), Brazil
{14%j, India {11%], Guinea (6%, Jamaia
(4%, Karakhstan {2%), Venezuela [ F4),
Surbnarne (2%), Aussla [2%), Greece
11%), and Guyana (a4 Vietnam

b has major reserves, Nate that
aluminum metal production from
balxite) is concentrated in countiies
wiih inexpensive electricity (such as
Ieeland) due to the energy intenslve
nurure of the aluminuwm praduction
process, Production data are from the
USGS 2010}, plotted on a boss map from
hetpeffanglishreemap jpfworld_er2,
i,




Germanium (Ge) —

Abundance and concentration

Germanium (atomic number
32, 0.00015% of Earth's crust

by weight) is an example of

an element that is constrained
in its availability, because it is
not appreciably concentrated
by geclogical processes. Ge is

a semiconductor in the same
column of the periodic table

as carbon and silicon. Ge is

not particularly scarce; it is
twenty times more abundant
than silver, for example.
However, Ge substitutes for
ather elerments in minerals and
rarely forms minerals in which
itis a principal component. It

is produced primarily as a by-
product of zinc extraction. Ge
is used in iber optics, infrared
optics, and as an ECE in solar
photovoltaic cells. Although
statistics on mine production of
Ge by country are not available,
U5GS (2010) reported global
production in 2009 from zinc
refining to be 140 MT, of which
71% came from China. For
comparison, 2009 production of
Zn was 11,100,000 MT, of which
25% came from China, the
waorld's leading Zn producer.
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CONSTRAINTS ON AVAILABILITY OF ENERGY-CRITICAL ELEMENTS

A. Crustal abundance, concentration, and distribution

The average concentration of any chemical element in Earth's crust (the only part of solid Earth
available to us for extraction of elements), expressed as percentage by weight, is called the “crustal
abundance” of that element. Earth's crust is made up primarily of oxygen, silicon, and aluminum, &
dozen elements in all are responsible for over 93% of the mass of Earth's crust. All other elements,
including those considered as ECEs in this report, are present in much lower concentrations, below
0.1% of Earth's crust by weight.

Less abundant elements, including all of the ECEs, cccur primarily as atomic substitutes in minerals
composed of the commaon elements, When a chemical element occurs in small amounts, it does not
form a separate mineral, but simply substitutes as a trace impurity in the crystalline structure of the
common minerals. The low concentration of these elements in the more common minerals makes
these minerals unlikely sources for economic extraction of ECEs.

Occasionally, geclogical processes cause a local enrichment of one or maore of the scarce elements
through substitution for a more common element with similar chemistry, Thus, selenium and tellurivm
may substitute for sulfur, which has similar chemical properties. Alternatively, a rare element may
substitute in @ more comman mineral if its atoms have the right properties to fit into the mineral’s
crystal structure. The substitution of REEs in yttrium and cerium phosphates, commaon trace minerals
in granites, is an example of this phenomenon, When this occurs and the rare elements can be
economically separated from the mineral, the mineral becomes an “ore mineral " for these elements.

Production of elemnents invelves two distinct operations. The first is mining and, with the exception of
a few elements (gold and some types of copper deposits), the subsequent separation of the desired
ore minerals into a concentrate, The second operation is chemical processing of the concentrate to
free and purify the element. It is at this stage that by-products, such as tellurium and indium, are
separated from primary metals, such as copper and zinc, The special circumstances surrounding
co- or by-production of ECEs are described further in the section of this report titled “The risks of
jeint-production,”

The gealogical occurrence of widely used elements, such as copper, zing, and gold, is reasonably
well known, and geologists have developed sophisticated models and technologies for discovering
potentially economic concentrations. Less is known about the geology and geochemistry of many
ECEs, since they have not been the focus of such intensive research. Histarically low demand for
these elements has meant that sufficient production has been obtained from a small number of
higher-grade deposits or as by-products from recovery of other metals, As demand for ECEs increases,
the geochemistry and mineralogy of critical elements will have to be understood more deeply,
and methods will have to be devised to locate ECE depasits that have, so far, gone unrecognized.
Furthermore, additional metallurgical research is required to better understand how to extract these
elements from the different minerals helding them.

Past experience and a broad familiarity with the nature and distribution of mineral deposits indicates
there is no absolute limit on the availability of any chemical element, at least in the foreseeable
future. Articles in the popular literature [see for example Cohen (2007)], claiming that supplies of
one element or another will run out in a few years, are typically based on misunderstandings, like
a misinterpretation of the terms resources and reserves, as used in the USGS Mineral Commodity
Summaries (USGS, 2010). Reserve estimates are influenced by current demand—if demand diminishes,
then efforts to identify reserves likewise diminish. Therefare, reserve estimates can be artificially low,
appearing to only be capable of lasting a short peried of time. In a free-market econamy, prices
rise when demand outstrips supply, and, as those prices rise, the following ocour: previously low-
grade, uneconomic resources become profitable ores; exploration is stimulated to discover new
deposits; metallurgical research leads to new technologies for extraction; lower-priced substitutes
are employed; and recycling becomes more profitable. As lower grade deposits are brought into
production, the cost of extracting a chemical element rises. So, too, do the carbon emissicns and
energy required to produce the element from ever more dilute sources. A practical limit on availability



for a particular application is reached when the material is no longer available at a competitive price.
Although one can anticipate that this will come to pass for some ECEs in the long term, we believe
that short-term supply disruptions pose a more immediate threat.

Although “absolute limits™ are not a useful way to think about potential constraints on availability,
there are a number of critical issues that can affect the price and availability of ECEs in the short
term (manths to years). If not anticipated, these issues can disrupt the planning and implementation
of new energy technologies. It is essential to be aware of the potentially disruptive effects of these
transients, The transition from reliance on primary production of a rare element from a few sources
to co-production with more commaon elements or vice-versa can take many years and derail plans for
large-scale deployment of the technology that relies on that rare element. The subsequent sections
detail several of the most complex and disruptive potential constraints,

B. Geopolitical risks

The geopolitical dimension of mineral availability refers to the risks of a supply disruption (either in
the form of physical unavailability or higher prices) due to the behavior of sellers or governments
outside the United States.

The United States relies on imports for more than 209 of its supply of the majority of ECEs identified
in this repart. Import dependence, by itself, is not inherently or necessarily risky. In fact, relying on
imported raw materials is beneficial to domestic users if foreign sources are diverse in number and
lecation and can supply the elements at a lower cost than domestic alternatives. The present LS.
dependence on foreign production of many mineral resources has, in many cases, evolved, not
because the United States has a lack of resources or reserves, but rather because foreign producers
have a competitive advantage, supplying the United 5tates (and the world) with raw materials at
the lowest price.

Serious risk may develop when production is concentrated in a small number of mines, companies,
or nations. When sources of rare commodities are discovered and, subsequently, developed in
underdeveloped countries, the result is sometimes increased hardship and political instability,
rather than improved standard of living for the majority of citizens. The history of cobalt, copper,
and tantalum production in the Demacratic Republic of the Congo is one of numerous examplesin
Africa alone. Countries dependent on ECEs produced under such circumstances might be subject
to prolonged uncertainty and are at risk for acting in ways that further exacerbate the economic
and human suffering in the producing country, Conversely, when established foreign governments
control a major fraction of the supply of an ECE, countries dependent on that material become
vulnerable to manipulative market practices, These include (a) charging higher prices than possible
were there a larger number of sellers and (b) restricting exports to the advantage of domestic users
in the praducing nations. Even absent explicit policy on the part of a foreign government, when
supply is concentrated, users are subject to unforeseen supply disruptions due to labor or civil unrest
and/or technical problems at mines or processing facilities.

There are numerous examples of disruptions driven by both foreign governments and other factors.
The present “rare earth crisis"—involving dramatic price escalations and possible shortages—
appears to be an example of government policy. History suggests that shortages, price spikes, and
abandonment of technologies can occur when the threat of a shortage arises, even if the actual
shortage never materializes, as was the case for cobalt in the Congo in the 1970s (Alonsa, 2007). In
contrast, large, long-established markets like those enjoyed by the primary metals have evolved a
diverse landscape of suppliers across the globe. The distribution of copper and aluminum production,
shown in Figure 2, illustrates this point.

Among the energy-critical elements, the rare earths, platinum group elements, and lithium are
perhaps most vulnerable to geopolitical risks. Mearly all current global production of rare earths
occurs in China, where the government has imposed export restrictions. China's stated motives are
to encourage responsible development of domestic processing and manufacturing industries that
use rare earths, to stop highly polluting practices and to secure future supplies for domestic needs;
opinion cutside of China cites geopolitical control and maximization of price, Platinum production
is concentrated in the hands of a small number of companies in South Africa, which produced
79% of the world's supply in 2009, This leaves platinum users vulnerable to opportunistic behavior,

Mineral resources include

both currently and potentially
economic volumes of rock with

concentrations of elements
that are higher than typical
rocks, Reserves are defined
as economically extractable
resources, The term “ore” is

restricted to reserves, whereas

sub-economic and as-yet-

unclassified resources are said
to contain “mineralized rock.”

1 For further explanation, see
Appendi: C, p 189 in (USG5, 2010}
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Platinum (Pt) and Palladiurm

Considerations

Platinum (atomic number

78, 0.0000005% of Earth’s
crust) and palladium (atomic
number 46, 0.0000015% of
Earth's crust) are examples of
elements whose supply could
be at risk, because they ocour
in economic concentrations in
few geological environments
and in geographic locations
where political stability might
be a concern. Pt and Pd are
used as catalysts in fuel cells
that have many potential
applications, including

In 2009, global preduction
of platinum (178 MT) was
dominated by South Africa
(799%) and Russia (11%), as
was production of palladium
(195 MT) with each country
producing about 41%.

hydrogen fuel and hybrid cars.

Figure 3. Distribution of documented
REE deposits as presented by A Mariana

in {Mariano, 2010).
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either by platinum producing companies or by the South African government. Supply could be
disrupted due to technical problems at important mines or arising from an unsettled political and
social environment. Lithium also has the potential for geopolitical risks, because the world's known
resources of easily extractable lithium are largely concentrated in three South American countries:
Chile, Bolivia, and Argentina,

Even in cases where production is, at present, concentrated in one or a few countries, the potential
for developing a broader suite of producers in the future might be significant. Cccurrences of REEs
are known across the globe, Figure 3, compiled by A. Mariano, shows his summary of the known
REE deposits that might be economically viable, given further exploration and development of new
mineral processing technologies (Mariana, 2010). Clearly, China is not the only country with the
potential to produce significant quantities of REEs, However, the path from recognizing a deposit
to full scale preduction is a complex one, Many of the deposits shown in Figure 3 might never be
braught to production, due to problems with metallurgical extraction, labor costs, political instability,
absence of infrastructure, environmental impact, or social and political concerns, China dominates
the REE market, because it has overcome the technical issues of extraction from often low-grade
depasits, using techniques enabled by low envirenmental standards and low cost labor, Similar
issues and externalities have prevented exploitation of many of the resources displayed in Figure 3
elsewhere in the world.

ECEs that are primarily extracted as by- or co-products with other, more common and widely
distributed elements are less subject to geopolitical risks. Howewver, they come with their own set
of concerns.

C. The risks of joint production

The jeint production of energy-critical elements has several important implications, First, producing
an element as a by- or co-product is typically less expensive than producing the same element by
itself, Econamists call this concept an “economy of scope”—the average total cost of production
decreases as a result of increasing the number of commadities produced. Jointly produced elements
can have a commercial, competitive advantage over the same elements produced individually, For
example, when REEs in China are produced as by-products of iron-ore mining (as at the Bayan Obo
mine in Inner Mongolia), they have an inherent cost advantage over rare earths produced on their
own. The rare earths and iron ore share many of the costs of mine planning, blasting, ore haulage,
and other activities.
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Second, the availability of an element produced as a by-product is constrained by the amount of
by-product contained in the main-product ore, Consider the case of tellurium (Te; see subsequent
Sidebar for the basic properties of Te). Nearly all Te is obtained as a by-preduct of the electrolytic
refining of copper (Cu). At present, only a fraction of the Te in electrolytically processed Cu ores is
recovered, It is reasonable to assume that more could be recovered cost-effectively; a small increase
in price could motivate Cu refiners to retain and process the Te to meet the increased demand for it.
Unfartunately, from the perspective of Te availability, acid leaching followed by solvent extraction-
electrowinning (SX-EW) is replacing electrolytic refining of Cu and does not recover Te (UISGS, 2010,
The supply of Te available, as a by-praduct of Cu refining, might decrease if the amount of Cu supplied
by SX-EW increases. If Te prices rise high enough, research might lead to new ways of extracting it
from Cu ores that are processed by SX-EW or to more efficient ways to recover additional Te from
electrolytic Cu refining,

As an example, if demand for Te grew dramatically in conjunction with widespread deployment of
Cd-Te thin-film photovoltaic panels, then new sources would have to be found. The Te required for
one gigawatt (GW) (average delivered) of electric power is roughly 400 MT (see the sidebar on Ta),
exceeding estimates of the world’s Te production in 2009, Te alse occurs as an impurity in sulfide ores
of zinc and lead, which it could be recovered from as a by-product. When that capacity is exceeded,
it is quite possible that new, primary sources of Te, which do not benefit from the cost sharing of
jeint-production, would have to be discovered, evaluated, and developed. Although such sources
undoubtedly exist, too little is known about the geclogy and mineralogy of Te, its occurrences and
associations, to assure a stable global supply.

The scenarios we illustrate with Te also apply to indium, gallium, and germanium, all of which have
potential applications in advanced photovoltaics. The production complexities of elements prirmarily
obtained as by-products create a difficult envirenment for planning and investment in these elements,
as well as in the new technologies that require the unique attributes of the elements themselves.
Large fluctuations in price can occur after joint-praduction options are saturated and before new
supplies hit the market, The possibility that consumers will turn toward temporarily less expensive
substitutes in response to a sudden price increase makes investrments in primary production risky,
and the lack of good information about the potential for primary production of these potential ECEs
complicates the situation.

D. Environmental and social concerns

Ervironmental and social considerations place strong constraints cn mineral extraction and processing
operations. It is not encugh that a mineral resource exists and is amenable to extraction using existing
technologies; it is also necessary that the whole enterprise, from extraction to utilization, takes
place in ways that are consistent with lecal, national, and, in many cases, international standards of
environmental protection and respect for society.

Environmental concerns with mining and mineral processing are increasing around the globe. The
relatively stringent standards currently applied in developed countries like the United States are
increasingly being adopted throughout the world. In some cases, however, these high standards
have had the effect of moving mineral extraction activities off-share to less developed countries
where, in some cases, local conditions lead to greater interest in short-term economic development
than in long-term envirenmental stewardship.

The sacial dimension of this issue compels mineral production to take place in ways that both
(a) acknowledge and remediate potentially disruptive effects of mineral development on local
communities, including strains on local infrastructure and services due to a dramatic influx of workers
from outside the community and (b) appropriately share the wealth that mining may create with local
communities, in part, so desirable cultural, economic, and environmental conditions can be sustained.

The social and environmental aspects of mineral development have become significantly more
important in recent years. For example, an international industry association, the International
Council on Mining and Metals (ICMM), has made these aspects its primary focus, and the International
Finance Corporation {IFC), the cammercial arm of the World Bank, has developed a set of performance
standards for social and envirenmental sustainability that must be met by any project to which it
lends money, As countries that now have lax environmental and social impact standards embrace
higher standards, the price and availability of ECEs might be significantly affected.

Tellurium (Te)

Co-production

Te (atomic number 52,
0.0000001% of Earth's crust) is
one example of an ECE that is
now obtained as a by-product
of the mining of another
element. Mo ares are mined
primarily for their Te; essentially,
all Te comes fram the refining
of Cu, Because Te production

is 50 small (on the arder of

200 MT in 2009) compared to
that of Cu (15,800,000 MT in
2009), there is little incentive
to maximize Te recovery from
Cu processing, even though Te
costs considerably more than
Cu (5145/kg vs. $5.227kg in
2009). Te is used in photovoltaic
panels, where it is employed

in films a few microns thick.
Assuming a thickness of 3
microns and a photovoltaic
efficiency of 109%, we amive
at a Te content of about 0.1
gram per watt of installed
electric generating capacity or
100 MT of Te per gigawatt of
installed capacity, Assuming

a typical utilization factor

of 25%, this leads to about

400 MT of Te per gigawatt

of produced electric power.
There are many unknowns that
rmake predicting the capacity
of supply to expand to meet a
significantly increased demand
for Te difficult. Data on rates

of recovery of Te from Cu

ares are not available. Little is
known about the geological
and geographic variability of
Te in Cu ores or the extent of
Te abundance in other sulfide
ares. Less still is known about
the existence, extent, and
reserves of primary Te deposits.
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The role played by environmental standards is well illustrated by several examples of the mining
of REEs. Rare earths often occur in association with thorium and uranium, both of which pose low
lewvel, but significant, radiation hazards. The rare earths can be extracted at a profit, but the thorium
and uranium are not commercially recoverable and, thus, are left in the tailings. As a result of mining
and mineral processing, unacceptable levels of radiation can be released into the environment, if
not properly controlled. The problem is particularly serious for the mining of monazite and xenotime
REE sands, which are widely distributed over the world and have become resources largely viewed
as uneconomic for this reason, Thorium and radium (by-products of uranium decay] contamination
from wastewater spills resulted in closure of the chemical processing facility at Mountain Pass,
California in 1998, The operation has since changed its wastewater treatment to prevent such releases.
Exceptional attention to environmental and local social concerns has accompanied the efforts to
restart the Mountain Pass REE mine in Southern California. In the short term, such efforts may put
producers in the United States at a competitive disadvantage relative to some fereign operations.

China's dominance of REE production is based, in part, on the mining of unuswal lateritic clay REE
deposits in South China. REEs from the South China clays now account for about 30% of waorld REE
production and are the world's major source of yitrium and heavy REEs (HREEs), which are particularly
scarce. Existing mining practices resultin a barren and disturbed landscape, unsuitable for agriculture
or other uses and vulnerable to erosion. There is often no attempt at remediation of the mining
sites to allow for future productive use, as would be the case in many other countries. Such mining
practices are not possible in most countries. In fact, the Chinese government cites environmental
ConCemns as one reason for restricting the exports of HREES.

E. Response times in production and utilization

Delays in both production and utilization undermine the ability to plan for deployment of new energy
technologies. At one end of the economic chain is the time it takes to bring a new mine or extraction
process online, At the other end is the time it takes, often decades, to plan, research, develop, fund,
permit, and deploy a new scheme for producing, transmitting, storing, or conserving energy. All these
steps anticipate that the supply of critical elements can be secured in a timely and affordable way to
make the technology cost-effective and available. For this to be done successfully, information must
easily flow between the demand and supply sides on both future and current uses and availability.

Interviews with experts in exploration, mining, and mineral processing suggest that it commonly
takes 5 to 15 years to render a new mine operative, that is, from the time that exploration begins
until preduction starts, Several factors determine the timeline, including success in finding a mineral
depaosit that is sufficiently large and high enough in grade to be economical, the time it takes to
construct the infrastructure associated with a new extraction site, the time required to obtain
operating and environmental permits and the social license (the political buy-in of the local and
regional community) to operate in a given geographic location, and the time it takes to arrange
financing, which can reach billions of dollars,

In analyzing the impact of some of the world's largest new mines, Schodde and Hronsky (2006)
documented the time between discovery and start-up of fifteen operating mines, including copper
mines in Chile, diamond, nickel, and gold-silver mines in Canada, and zinc, copper, and gold mines
in Australia, The average time between discovery and start-up for these mines was 8 + 3 years, These
authaors also studied four additional deposits that were undergoing feasibility studies in 2006 that
were still not in preduction in 2010, Using currently estimated start-up dates for these, the average
time between discovery and start-up for all nineteen mines would be 11 + 6 years, with a range from
2 to 26 years. Initial exploration leading to a discovery adds another 3 to 5 years,



The development of new technologies for the extraction and processing of elements from ores
is often a protracted and uncertain process, Anyone familiar with the history of the Hall-Héroult
process®, the development of which transformed aluminum from a scientific curiosity to a mainstay
of modern technology, will appreciate the time, effort, and uncertainty surrounding new extraction
technologies. Utilization of several REE minerals, such as eudialyte, is currently impeded by the lack
of suitable chemical technology to remove the REEs from the other elements in the ore.

Time scales on the demand side may be just as long and risky as the development of new extraction
technologies, Developers and investors, whether public or private, hoping to bring a new technology
to market, must plan years, if not decades, in advance. Contributing factors include time for research
on selecting the best materials and approaches to manufacturing, patenting and other intellectual
property issues, market research, financing, and construction and permitting of manufacturing
facilities. Researchers involved in the creation of new technologies, at the earliest stage of the
applications cycle, generally fail to consider the availability of raw materials at all; their focus remains
on a material’s suitability for the task at hand. Uncertainty about the availability of critical elements
adds serious risk, The present “crisis” in the REE market is a good example of how early assumptions
can be challenged at a much later time: Wind turbines designed to work with necdymium-iron-boron
permanent magnets were designed over many years, under the assumption that neadymium, a fairly
common element, would continue to be available in the quantities needed at reasonable prices.
This situation has changed. Wind turbines could be redesigned to employ other magnets, perhaps
at some cost in efficiency, but the redesign process is not trivial, It is difficult to predict whether the
present steep increase in the price of necdymium (and decrease in its availability) is a short-term
problem to be weathered or a long-term problem to which the industry must adapt.

Anather pertinent example of the effect of long time-delays is the development of lithium (Li)
resources in the United 5tates, Li is one, but not the only, impertant candidate for a light, high-
performance battery in hybrid and electric vehicles. Global Li preduction is currently dominated
by Chile, which produces Li from brines in the Atacama Desert. Bolivia also appears to have the
potential for large Li resources in brines. In the United States, at least one company is investigating
extraction of Li from a new resource, hectorite, from which Li has not previously been commercially
extracted, The company has spent several years confirming the resource potential of a deposit that
was discovered in the 1980s and is now investigating how best to extract Li from the material.

4 Althowgh alumimum was first isofated in metallic form in 1825, it proved very difficult to extract from its cuide
ore, and, for decades, aluminum metal was as rare {and as valuabde) as gold or platinum. In 18846, Hall and Héroult
devised the moder process of aluminum refining, and aluminum quickly found its place as a major industrial metal.

Lithium lesponse times in

F.lr'i."l.ll.'li tion and utilization

Li {atomic number 3, 0.002%
of Earth's crust] is an example
of an ECE whose future

supply in the marketplace

is experiencing significant
uncertainty associated with
time delays in production

and wutilization. Li, a light and
highly reactive metal, is the
principal component in one of
the most promising forms of
high energy-density batteries,
As a result, many believe Li
batteries are the technology
of choice for all-electric
vehicles. If electric vehicles
are to gain a significant share
of the market, battery and,
therefore, Li production must
grow proportionately. Howewver,
there are other materials

that could be considered

for use in high perfermance
batteries. The choice of

which battery technology

to develop depends largely
on the availability and price

of the component materials.
Ramping up the production
of Li from existing mines and
developing new ones is not a
trivial matter, nor is the design
of Li batteries suitable for all-
electric vehicles. Lacking a clear
decision on the fundamental
battery design, it is not
surprising that exploration for
and development of new Li
supplies remains in limbo.
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RESPONSES: FINDINGS AND RECOMMENDATIONS

A. Coordination

International relaticns, trade policy, environmental standards, energy independence, and long-term
research and development are traditional concerns of nations, rather than individuals, companies,
or local governments, The issues are complex and straddle areas that are in the portfolios of many
different agencies and ministries within governments. Facilitating and coordinating these activities
presents a significant organizational challenge.

In the United States, the stewardship of the multitude of issues and policies affecting ECEs does not
reside entirely in any one federal department. Instead, ECEs are of concern to the Departments of
Commerce, Defense, Energy, Interior, State, and Transportation. Strong involverment of the Council
of Economic Advisors, the Environmental Protection Agency, and the Office of the LL5. Trade
Representative is also expected. The capacity to orchestrate a productive collaboration ameng all
these agencies and coordinate their efforts with the Office of Management and Budget lies in the
Executive Office of Science and Technology Policy (OSTP), We believe that the QOSTP is the natural
home, at keast for initial efforts, to guide the United States’ response to ECE issues,

® Recommendation: The O5TP should create a subcommittee within the National
Science and Technology Council (MSTC) to examine the production and use of ECEs
within the United States and coordinate the federal response. The subcommittee
should include high-level participation from the Departments of Commerce, Defense,
Energy, Interior, State, and Transportation, as well as the Mational Science Foundation,
the Envircnmental Protection Agency, the Office of Management and Budget, the
Council of Economic Advisors, and the Office of the U.S. Trade Representative,

® Recommendation: The new subcommittee should immediately examine and address
the recommendations listed below.

B. Information

Comprehensive, reliable, and up-to-date information on all aspects of the life cycle of ECEs would
enable researchers, developers, and investers to more successfully plan for the materials needs of new
technologies. The present information environment is very uneven. Relatively good information is
available for elements with mature markets like platinum or silver, whereas information about newly
important elements like REEs or Te is incomplete, anecdotal, and often contradictory. Infermation on
the utilization and end-of-life of ECEs is hard to find or, for some mineral commaodities, entirely absent.

Gathering, coordinating, and disseminating information about mineral resources is currently the
responsibility of the Minerals Information Team (MIT) of the L5, Geological Survey (USGS), which has
recently been recrganized into the National Minerals Information Center (NMIC) within the Mineral
Resources Pragram (MRF) of the USGS. The MMIC fulfills its task by publication of the annual “Mineral
Commaodity Summaries” [MCS) and other related reports, which are used in the United States by
federal and state governments and by the private sector throughout the world, as a reference on
mineral production, resources, and reserves. Before its dissolution in 1995, the U5, Bureau of Mines
was responsible for this task and had high visibility and support within the federal government. Since
its transfer to the LISGS, the MIT (now NMIC) has struggled to find funding to carry out its mission;
its budget and its manpower have eroded.

Information about ECEs, and current products that make use of them, is needed beyond what is
presently compiled in the annual MCS or the USGS% recent report on domestic REE deposits (Long,
2010). This includes information across the ECE life-cycle, from potential economic and sub-economic
resaurces (both demestic and foreign) through production, scrap generation, and inventories of ald
scrap, and into basic applications research, product design, and manufacturing. Data are also needed
on the use and disposal of products containing ECEs and the potential for recycling. Although portions
of these data are collected by the Department of Commerce and life-cycle analysis is carried out for
selected minerals by the USGS, there is, at present, no central agency that compiles, analyzes, and
distributes information on the life cycle of minerals and materials critical for energy technologies.



Regular surveys of emerging energy technologies and their potential critical element requirements
are needed, Data on the magnitudes and locations of potential resources, both foreign and domestic,
and on potential constraints on availability are needed befare major investments in new technologies
that are reliant on these resources can be made. Nearly 40 years age, the USGS published Professional
Paper 820 (Brobst, 1973), which documented known U5, mineral deposits in the context of global
resources, uses, and demand. An updated and extended version of this work, focusing on the broader
set of issues outlined here, is urgently needed in light of the importance of ECEs.

Collecting and evaluating the data required to track the availability and uses of chemical elements
that are, or may become, critical to emerging energy technologies has become a complex,
rultidimensional undertaking. Although some data are already collected by a number of federal
agencies, the government does not have a central entity for tracking minerals and processed
rnaterials. The information gathering capacities of the Energy Information Administration (EIA), for
energy sources and consumption, and the Bureau of Labor Statistics (BLS), for economic data, stand
in contrast to the limited information produced primarily by the NMIC on ECEs and minerals. Both
the EIA and the BLS are “Frincipal Statistical Agencies,” a designation that enables them to require
compliance with their requests for information; NMIC does not have this designation, The disparity
was recognized in the recent National Research Council's study, "Minerals, Critical Minerals, and the
15, Economy” (NRC, 2008) which recommended that the agency given the respansibility to gather
mineral information also be given the "Principal Statistical Agency” designation. The federal body
charged with this respansibility must have the tools necessary to respond to technological, economic,
or geopaolitical events that significantly impact minerals or materials demand. It will not be able to
accomplish this ambitious mission unless it is empowered to enforce compliance with its requests
for information that comes with the designation as a “Principal Statistical Agency.”

® Recommendation: The LS. Government should gather, analyze, and disseminate
information on ECEs across the life-cycle supply chain, including discovered and
potential resources, production, use, trade, disposal, and recycling. The entity
undertaking this task should be a “Principal Statistical Agency” with survey
enforcement authority.

= Recommendation: The federal government should regularly survey emerging energy
technologies and the supply chain for elements throughout the periodic table with
the aim of identifying critical applications, as well as potential shortfalls.

C. Research, development, and workforce issues

A focused federal research and development (RE&D) program would enable the United States to both
expand the availability of and reduce its dependence on ECEs. This federal R&D would be particularly
critical to the competitiveness of small U5, companies that are unable to engage in their own ECE
basic research programs,

Several RE&D areas can contribute significantly to expanding the availability of ECEs, These R&D areas
occur throughout the supply chain, beginning with fundamental issues in geology. ECEs have not
been a primary target of domestic mineral exploration in the past, so there is limited knowledge of
what geological characteristics indicate the likelihood of ECE deposits. A complicating factor is that
ECEs tend to exist in very low percentages, even in potentially economic ore deposits. Research on
geological models of ECE mineral deposits, ore-forming systems, and the basic geochemistry of ECEs
is needed. There has been little research of this kind in the United States for at least two decades.

Once a deposit is found, there might be limited experience in the United States with methods to
extract the low-concentration ECE from the ore. R&D can significantly advance the metallurgy,
processing, and fabrication of ECEs. Special attention should be paid to the development of more
efficient methods of extraction of ECEs as by-products of primary metals.

Several R&D areas can help reduce the dependence on ECEs. One essential area of research is
substitutional chemistry: that is, substituting elements that are maore abundant and have higher
projected availability for ECEs. Such substitutions cannot be made in a straightforward “drop-in”
fashion, since ECEs have properties or combinations of properties that make them uniguely suitable
for particular applications. Consequently, several materials may need to be substituted for the ECE,
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Re (atomic number 75,
0.00000007% of Earth's crust)
is, perhaps, the rarest of all
naturally occurring, stable
chemical elements. In 2006,
General Electric {GE) realized
that demand for Re—a critical
material in its turbine engines—
was increasing significanthy. By
2011, worldwide demand was
predicted to exceed worldwide
supply, potentially resulting

in a Re shortage that would
cripple its turbine engine
market. GE made a decision to
reduce the company’s reliance
on Re with a strategy, including
both the recycling and R&D of
substitute materials. Recycling
enabled GE to reduce its use

of Re, while buying it enough
time to develop a new alloy
that proved to be an adequate
substitute (Fink, 2010). GE
succeeded; but, many smaller
LS. companies cannot afford to
engage in this level of recycling
and/or substitutional research.
A federal role in these areas
could be eritical to such smaller
companies’ competitiveness.
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or the overall design of an energy technology might need to be altered, Given these complications,
it can take years for a substitution to achieve commercial readiness. Therefore, it is imperative that
research into the functional properties of a suite of potential replacements be initiated promptly, well
in advance of an element becoming an ECE. As a case in point, computational methods have been
developed that allow candidate materials for photovoltaic applications to be identified for further
screening. With such early identification of promising alternatives and sustained support for their
development, it might be possible to ease transitions from technologies reliant on scarce ECEs to
new alternatives (See subsequent sidebar titled Rhenium (Re)-R&D response to scarcity).

Recycling is another RE&ED area that could enable a reduction of dependence on ECEs. Many products
that use ECEs currently have extremely limited recycling capability. The result is that significant
quantities of ECEs are permanently discarded every year. Conducting research on product designs
that are more suited to recycling, while retaining the same functionality, could help ensure that scarce
elements are more casily recovered from discarded products. In addition, R&D into environmentally
benign methods to extract ECEs from the discarded product would help encourage the growth of an
ECE recycling market. Taken together, research in chemical, metallurgical, and environmental science
and engineering, as well as industrial design methods, can enable the creation of waste streams that
result in high-value rewsable ECE materials.

8 Recommendation: The federal government should establish an R&D effort focused
on ECEs and possible substitutes that can enhance vital aspects of the supply chain,
including geological deposit modeling, mineral extraction and processing, material
characterization and substitution, utilization, manufacturing, recycling, and life-cycle
analysis.

All the R&ED areas mentioned would benefit from a coordinated federal effort focused on elements
or groups of elements, These would complement existing centers focused on particular energy
sources or technologies. Success requires close interdisciplinary collaboration amang scientists,
engineers, and manufacturers with expertise across a range of fields, including geclegy, mining,
extraction, processing, chemistry, material sciences, electrical and mechanical engineering, and
physics. Within the United States, this breadth of expertise exists only at some national laboratories
and major research universities. & consortium built around such institutions could bring the depth of
knowledge and the continuity of focus that this problem requires. Such centers would form cores of
activity that could engage and assist efforts by smaller groups at other universities and businesses.

8 Recornmendation: The federal government should create national collaborative
centers, including national laboratory, university, and industry participants focused on
elements or groups of elements. These would complement existing centers focused
on particular energy sources or technologies. The new centers would foster the
synergies needed to address the profoundly interdisciplinary aspects of ECE issues.

Currently, there are not enough scientists and engineers with ECE experience for the United States to
satisfy its ECE materials and technology needs or to assume leadership in critical energy technologies.
The number of graduating students required to address the domestic R&D needs at the front end of
the supply chain {e.g., geology and mining) is currently small. As more mines become operational,
maore warkers are needed, More professionals are needed in the separation and pracessing fields,
which includes metal preparation, scrap recovery, recycling, and ceramics. Significantly more students
are needed in R&D areas further along the supply chain, in specialties such as physical, inorganic,
and organic chemistry, chemical and metallurgical engineering, physical metallurgy, condensed
matter physics, and electrical engineering.

We estimate that approximately 70 PhuD., Masters, and B.S. level scientists trained in ECE research areas
are required per year for 4 years to fill the present void of technically trained and skilled personnel. *
After 4 years, approximately twenty scientists trained in ECE research areas will be needed per year to
sustain the anticipated level of expertise. These are conservative estimates based on current market
conditions. If technologies based on ECEs "take-off” and become dominant economic drivers, then
the numbers will be greater.

5 This information was compiled by committee member Karl A Gschneidner, Ir. for this study. For the complete
document consult (Gschneidner, 20100



Government support for training the necessary workforce is required to ameliorate this situation.
Training programs should be established in conjunction with the research partnerships described.
Investigators at universities or laboratories outside such centers, working on ECEs and related topics,
should be supported by traditional, competitive, peer-reviewed grants from the Mational Science
Foundation (N5F), the Department of Defense (DOD), the Department of Energy (DOE), and the
Department of the Interior (DO1),

8 Recommendation: The federal government should support the training of
undergraduate, graduate, and postdoctoral students in disciplines essential to
maintaining LS. expertise in ECEs.

D. The role of material efficiency

The termn material efficiency refers to the variety of ways to obtain the essential services provided by
a material with less material production from ores and other primary feed stocks. The aim of material
efficiency is to enable the production of necessary goaods, while producing as little of the material as
possible. Recycling is a major, but not the sole, component of efficient material use. Other aspects
include improved extraction technology, reduced concentration in applications, replacement in
noncritical applications, development of substitutes in critical applications, and lifestyle adaptations.
Several of these approaches fall under the previous R&D heading, “Research, development, and
workforce issues” Recycling and related strategies are the focus here,

Material efficiency can serve many purposes in the economics of ECEs. It has the potential to
displace some of the mining and processing of virgin ores, thereby minimizing the depletion of
nonrenewable resources and reducing the expenditure of energy used in extraction, separation,
and purification. Recycling generates an independent supply stream that can reduce dependence
on imports and smooth out price and availability fluctuations, resulting from possible constraints
on primary production. However, if use of ECEs expands as rapidly as expected, recycling and other
mineral efficiency strategies will not make more than a modest contribution to meeting demancd.
MNonetheless, some demand will be offset, the loss of materials to landfills will be avoided, and the
energy embedded in the elements during their initial processing will have been retained.

The opportunities for recycling will change as ECEs are more widely used, and a long-term
commitment to stewardship of resources should include plans for recycling, during the design of
manufactured products and research on technologies to recycle metals with minimal impact on
the environment and human health. ECEs are well suited to functional recycling (see sidebar titled
Recycling terminology), because they are not degraded by use. Chemical elements do not lose their
properties with use, and they are often found in significantly higher concentrations in discarded
products than in the original ares from which they were obtained. On the other hand, ECEs might
be used in tiny quantities or low concentrations, requiring sophisticated technology to separate
them for functional recycling.

Recycling of an ECE can be cost effective, particularly if it is produced from minerals from which
recovery is expensive. Most gallium, for example, is obtained as a by-product of alurminum production,
which is energy intensive, Because of its high energy costs, aluminum is ene of the mare successfully
recycled metals — post consumer recycling was equivalent to approximately 35% of apparent
aluminum consumption in 2009 (USG5, 2010). Because of the relatively high cost of recovering
gallium from aluminum ores, the USGS noted that “substantial quantities of new scrap generated in
the manufacture of GaAs-base devices were reprocessed”

Current levels of recycling for many ECEs are minimal. For example, the USGS MCS (2010) reported
little or no recycling of tellurium or selenium. Similarly, the USGS noted that, for lithium, recycling is
“insignificant, but increasing through the recycling of lithium batteries” Platinum Group Elements
[PGEs) are routinely recycled from catalysts used in automobiles. However, the USGS estimated that
only 17 MT of PGEs were recovered from scrap in 2009, compared with 195 MT of imports and 16
MT of domestic production from primary sources.

cling termino

Recycling includes bath
preconsumer and
postconsumer reuse,
Preconsumer recycling is
largely of new scrap—material
produced during the
manufacture of products
made from the metal or

other mineral commodity.
Postconsumer recycling is
largely of old scrap—discarded
products. Ideally, preducts
should be recycled such that
the recovered material retains
its functionality for a particular
use. This is known as functional
recycling, by which the physical
and chemical properties that
made the material desirable

in the first place are retained
for subsequent use, This
contrasts with nonfunctional
recycling, by which the
rmaterial is incorporated

into a recycling stream as an
impurity, and its individual
characteristics are lost,
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Failure to

Th (atomic number 65,
0.00012% of Earth's crust) is one
of the heavy REEs. Th is used (to
provide the green phosphors)
with europium (blue and red) in
*“trichromatic,” or color balanced
fluorescent lighting. Although
minute quantities are used

in each fluorescent bulb, the
world’s annual production of Th
is less than 0.5 MT, and Th is in
chronic undersupply. The price
of Th imported from China was
nearly 5800/kg in December
2010. When fluarescent lights
are “recycled,” the metal ends
are removed and recycled, and
the glass is also reused, The
phosphor powder on the inside
surface of the glass contains
mercury, terbium, and other
rare metals. Because mercury is
toxic, current practice is to mix
the powder into an aggregate
compounded with concrete and
sequester the concrete from the
environment, thereby making
the Th unavailable for recycling.
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Policies have been propased or implemented in other countries to improve the level of recycling and
mineral efficiency. For example, Directive 2002/96/EC of the European Parliament and the Council
of the European Union calls for recycling of waste electrical and electronic equipment (WEEE). This
includes encouraging “the design and production of electrical and electronic equipment which
take into account and facilitate dismantling and recovery” minimizing the disposal of WEEE as
unsorted municipal waste, using best available techniques for treatment, recovery, and recycling,
labeling WEEE so that it is more easily sorted from other waste, and informing consumers about
their obligations to recycle (WEEE, 2003). The European Union has also restricted the use of certain
hazardous substances in electrical and electronic equipment. The government of South Korea, a
country that is resource poor, is encouraging “urban mining,” the recovery of critical elements from
municipal waste (Bae, 2010).

Other proposals to improve mineral efficiency include “take-back laws” that require manufacturers
or suppliers of products containing critical elements to accept their return for subsequent recycling,
requiring deposits on products that should be recycled providing incentives for renting high-tech
equipment that would be recycled upon return, and consumer-praduct labeling and ratings that
encourage recycling.

= Recommendation: The federal government should establish a consumer-oriented
“Critical Materials” designation for ECE-related products. The certification requirements
should include the choice of materials that minimize concerns related to scarcity and
toxicity, the ease of disassembly, the availability of appropriate recycling technology,
and the potential for functional, as opposed to nonfunctional, recycling.

® Recommendation: Steps should be taken to improve rates of postconsumer collection
of industrial and consumer products containing ECEs, beginning with an examination
of the numerous methods explored and implemented in various states and countries.

E. Possible market interventions

The recommendations within the previous section call for actions that fall within accepted roles for
government: statistical information gathering, support for research and workforce development,
and incentives for activities, such as recycling. The Committee is hesitant to propose more direct
government interventions in markets for ECEs. Rather, the Committee believes that industrial users
of ECEs are best able to evaluate the supply risks they face and purchase their own “insurance”
against supply disruptions (both physical unavailability and price fluctuations). This insurance may
include private stockpiles of ECEs or other actions, such as long-term contracts with ECE suppliers.
The Committee believes that free trade in mineral commodities works to the benefit of all parties.
Existing loan-guarantee programs in various agencies can provide support for some aspects of new
efforts in many ECE technologies.

Some governments maintain stockpiles of critical minerals—some for military needs, others for
economic reasons on behalf of industrial ECE users, Several highly industrialized countries that are
heavily dependent on imports of ECEs have recently begun high-level efforts to secure dependable
supplies for the future, For example, Korea is in the process of stockpiling twenty-one elements to
cover 60 days of domestic demand by its industries (Bae, 2010}, Japan stockpiles seven rare elements
to cover 42 days of domestic consumption, complementing private stocks of the same elements in the
amount of 18 days of consumption, The United States has managed a stockpile of critical materials for
national security needs since World War 1. In 2008, the National Research Council released a report
with major recommendations regarding the National Defense Stockpile (MRC, 2008-2).



The Committee notes that such government stockpiles can have unintended, disruptive effects on
markets and can act as disincentives to innovation, Hence, with anly one exception, helium, the
committee does not recommend that the United States establish nondefense ECE stockpiles, (The
Committee did not consider stockpiles for essential military applications, as supply risk for military
needs is outside the scope of this study.)

The United States does maintain a stockpile of helium, Helium has several unique physical properties
(see the sidebar titled Helium—unigue even amaong ECEs), any one of which may render it critical for
future technology, energy related or otherwise. More important, three facts make helium unigue
among the chemical elements: (1} Helium is found in economically viable quantities only in natural
Qas reservaoirs, occuring at levels as high as 7%. In contrast, heliumn is only 5.2 parts per million by
volume in the atmosphere, making recovery from air extremely expensive, It is unlikely that other
economically viable sources of helium will ever be discovered. (2) When natural gas is extracted,
unless it is recovered, the helium is vented to the atmosphere, from which it would be extremely
expensive to recover. (3) Matural gas is extracted from reservoirs at a rapidly increasing rate. At the
present time, much of the natural-gas-associated part of Earth's endowment of helium is being
rapidly depleted. Other rare elements that occur in trace concentrations in other comman ores are
left behind in mine tailings te which future generations could, if necessary, return. Helium, unigue
in this regard, escapes. In 1995, Congress decided to sell the U5, helium reserve, The Committee
recommends that this decision be reversed and that the United States and other nations develop a
long-term strategy for establishing and maintaining a significant helium reserve.

= Recommendation: With the exception of helium (see subsequent recommendation),
the Committee does not propose government interventions in markets beyond those
contained in the other recommendations concerning research and development,
information gathering and analysis, and recycling. In particular, the Committee does
not recommend nondefense-related economic stockpiles.

= Recommendation: Helium is unique, even among ECEs. The Committee concurs with
and reiterates the APS Helium Statement of 1995 :“[Mleasures [should] be adopted
that will bath conserve and enhance the nation's helium reserves. Failure to do so
would not only be wasteful, but would also be economically and technologically
shortsighted.”

6 The full text of the APS 1995 statement on Conservation of Helium reads as follows:

“The American Physical Society is pre

profoundly concamed abaut the patential loss of the nation’s accumulated helium
reservies, Hilium is essential for achie remely cold peratures requined by many curment and e
technologies as well as for advanc i research. The avevall demand for hielium has been steadily increasing
and thene B every reason to believe that this trend will continue.

“Although the Linited States is forfunate in having a greater abundance of this oritical element than any other nation,
5 tural limits. Helium is obtained by extraction from natural g
is imetrievably lost to the atmosphere when the gas is burned. Far this reason, the federal government prudenthy
a storage program for helium, bt legislation now being considered would dispose of virtually this entine
il stone within teo decades.

“In wiew of the Impora
American Physical Soc
reserves, Failure to do

~e of this unique and imeplaceable natural resource o modern science and technolo ;
uripes that measures be adopted that will both conserve and enhance the nation’s helium
ould not anly be wasteful, but would be economically and technohogically shortsighted.”

Helium—LUnique even among
ECEs

He (atomic number 2,
0.0000008 % of Earth's crust)

has a set of unique properties
that make it special, even
among ECEs. Helium liquefies
at the lowest temperature of all
elemnents and does not solidify,
even at absolute zero tempera-
ture, making it indispensible
for cryagenic applications. A
noble gas, He is also the least
chemically active element.
Less well known, He alone,
among all elements, cannot

be rendered radioactive by
exposure to radiation, Finally,
He has the highest specific
heat capacity of any gaseous
element, except hydrogen. Its
excellent thermal properties,
combined with its chemical
and nuclear inertness, make it
the fluid of choice for advanced
nuclear reactor design. With
such unique properties, He has
already found use in unuswal
applications, and the breadth of
its future utility is impossible to
anticipate.
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