Graphene industry

By Jani Kivioja




How many academic scientist”?




Do you think “graphene’ is

getting boring?

Well.. maybe not entirely, but basic properties are
well understood. | think it is ready for real
application development!




Graphene is unique material yet alchemist is not

required
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Hype”? Maybe, but graphene

serves unprecedented
opportunities!




Graphene technology is a Promising Platform for a Wide

Variation of Different Applications
Graphene Flagship
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Many Technologies Have Been Trying to Make a Big
Impact, But Unsuccessfully: Why Would Graphene Be

Different?

» Radical technology: Significantly
increased performance

* Thin film technology: Relatively easy === 7 2
adaptation 54

» Generic technology: Wide range of <«
potential applications. Platform.

 Disruptive technology: It offers new
value propositions




Graphene technology is getting
more matured and there is a

promise. So why we haven't
seen yet any real killer
applications?




Why we haven't seen yet any real
kKiller applications?

* The field is only 10 years old!
« Outstanding microscopic properties are

challenging to transfer to macro-world

» Lack of standardized processes and control over
properties

* The price (monolayer)

« TBI (to be invented)




Mass manufacturing for graphene exists, but
device manufacturing is g lot more than just growth

- Alarge throughput processes for B Moasurement
monolayer and platelet graphene
are well established.
Postprocesses for graphene are
also important, but somewhat

missing.
Growth

Transferring

Patterning

Functionalisation or doping
Contacting

Integration with other components
Encapsulation
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Why Short Term Applications Are So Important?

« Famous Kromer’s lemma of new technology

The principal applications of any
sufficiently new and innovative technology always have been
— and will continue to be -
applications created by that technology.

« Short term applications will pave the way towards the principal applications!

« However, even short term applications must bring something new —
either a price advantage, increase in performance or new attributes.




What kind of applications we will
see In the near future?

« Applications with a clear “graphene benefit”. No one is willing to replace
something with graphene just for the sake of replacing!

* Applications which are based on the unique graphene properties or the on
the unique combination of properties.

« Applications with manufacturing which is compatible with present
processes.

« Applications in which the final cost structure of the final product is sufficient.

* Applications what you can produce and sell.




Should the focus be in head or in long-tail

products?

A * Maybe not even a right question as
graphene is a truly enabling
technology.

* Niche applications may need less

Quaiis compromises

» High volume products will develop
graphene technology itself further

>
# Products




What would be THE Kkiller

product?




What is "graphene” ? Can you

purchase that from internet and
just use It?




Sources of graphene for industry — one solution
does not fit all!

Powders Inks/graphene dispersions

Wafer scale Large area graphene on reel
graphene

R2R graphene Wafer scale reactor
reactor




Sources of graphene for industry

Reduced graphene oxide
powder
(Gragg

Powders

PROS:

* Really low costs

+ Large volumes

* In house ink formulation

* Composite formulation

CONS:

* From electronics perspective only the starting material
* Alot of chemical and process expertise are needed




Sources of graphene for industry

Graphene Ink

Conductive Ink
" printed electronics ;A
P

Qereen printing 06"
Imexogvapmc Printing

Common method for fabricating inks
(University of Cambridge)

Graphite Graphene dispersion

Ultrasonic power

Inks/graphene dispersions

PROS:

« Sustainable cost structure is possible already today -
Potentially lower costs than with Ag inks, also better
mechanical and chemical stability

« Large area electronics is possible

» Appealing for flexible electronics

CONS:

* Final performance does not meet all application
requirements at present (e.g. conductivity vs.
transparency)




Graphene on SiO2/Si  Graphene on PET

Sources of graphene for industryererera (Graphenea)

Wafer scale

PROS:
Compatibility with wafer scale silicon processes — in principally
easy adaptation with IC industry

« Relatively high quality

CONS:

Limited size and throughput
Pre-patterned substrates are tricky




IN ADDITION TO PREVIOUS try Graphene CVD reactor for 300 mm wafers
(Aixtron)

PROS:

» Possibility for more complicated process flows than with
sourced graphene

« Tailored growth processes — different graphene for
different applications

CONS:

* Investment costs

* "Graphene expertise” must be in house

Wafer scale reactor




PROS:

Sources Of g *  Large throughput — lower costs

* Compatible with other R2R processes
« Standardized quality

CONS:

* Quality at present?

100 m long graphene film on PET g

S

Ao . Large area graphene on
reel
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Kobayashi et al.
APPLIED PHYSICS LETTERS 102, 023112 (2013)




Sources of graphene for industry

IN ADDITION TO PREVIOUS
PROS:

Tailored graphene materials are possible

Graphene reactor could be part of a more complex R2R system
CONS:

Large investment costs

Graphene related material and process expertise are needed in house

R2R graphene
reactor




Graphene Is expensive, isn't it?




Graphene Is Intrinsically Cheap — Source Material Costs Are Negligible
1000 Bulk order Monolayer CVD Graphene price (€/cm2)

However, the price is predominantly depending on
throughput and hence the demand

@ 702 m2/year = $312/m2
@ 1215 m2/year = $168/m2
@ 9717 m2/year = $66/m2
@ 16842 m2/year = $29/m2

10

(Log scale) @ 134028 m2/year = $19/m2
1

ITO is roughly $25 — 30 per m2! Market size is about 50,000,000
m2!

Estimate based on amortization of capital costs, consumables,
running cost and spares
Ken Teo, AIXTRON, personal communication

0.01 ITO historic price
2010 2011 2012 2013 2014 2015 2016 2017 2018 2019 2020 2021 2022
Source: Graphenea estimations




Graphene Oxide prices are also declining shamly due to
oroduction efficiency and economy. of scae

100000 Bulk Graphene Oxide price (€/gr)

10000

Production capacity
scale-up under
1000 development

100

10

1 Silver

CNT
Carbon Fiber

0.1

0.01 Copper

0.001
2010 2011 2012 2013 2014 2015 2016 2017 2018 2019 2020 2021

Source: LME, Graphenea estimations




The Need for Increased Graphene Througput Can
Rise From Multiple Different Applications

Smart device as an example

Touch 2 ENEY
-ITO replacement -Flexible battery electrodes
I -other G-benefits

A Inter-connects
Flexible display o -Graphene based
-ITO replacement . flexible solutions

Antenna Cover. y
-Flexible antennas -Heat distribution

-Graphene composites




Towards graphene systems

Quality — Quantity — Reliability — Price
Standardisation — materials, process libraries and simulation tools

Well established regulation — no surprises due to changing legislation or due
to changing regulation




Key Takeaways

» Many properties of graphene are universal — they a rising from the
fundamental nature of graphene itself. Often it is challenging to utilize
fully all strange properties of graphene due to practical or present
technical limitations. However, real present day applications do exist and
a lot more of promising applications are just round the corner.

« Short term applications are beneficial or even essential to get the

"ecosystem” flourish, before the key commercial applications are
possible.

» The manufacturing processes should be compatible with existing
processes

* The price of the suitable graphene is very much depending on the
demand and the throughput

 Quantity, quality, reliability and price and Standardisation-regulation-
legislation.
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Graphene Market Is Still Very Small and Driven by
Research-related REMANG: maret rorecast sm)

Research-related demand Early-stage applications demand
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GRAPHENEA, Source: BCC, IDTechEx, Lux Research, Graphenea elaboration




