Usage of Graphene in display technology:
“Where Graphene can really over perform,
and where not”

lvica Kolaric

lvica Kolaric
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Joseph von
Fraunhofer

discovery of
,Fraunhofer
Lines” in the sun
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new methods of
lens processing

head of royal
glass factory

searcher

Entre-
preneur

The Fraunhofer-
Gesellschaft

R&D for the
industry, service
sector and public
administration

1.8 billion euros
budget per year
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Facts and Figures

B More than 22 000
employees

M € 2 billion budget

B 60 institutes
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Highlights of Research Projects
Active Research Environment for the Next Generation of Automobiles

. T TI—rT
AR AZ20360 D Droag OoNn O O O
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Research highlights
Household robot Care-O-bot “3
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Highlights of Research Projects
EcoTouch as an Example of Functional Surfaces

Transparent electrodes based on carbon nanotubes

Verbrauch [41] seftana Matalle 20052030
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Service Range at Fraunhofer IPA

S e P e

- B TERESWNT
- B IEEEMWNT
=0T whk

- Graphene

- High-quality
SWNT

- High-quality
MWNT

- Arcjet

- Arc-discharge

- Laser ablation

-CVD

LZES]

MATERIAL

-/ EEMEO
Heal—sigy
- FE R

- ek

e g e e e 8
- 5 EN

-5

- Simulation of

nano compounds

- Purification

- Functionalisation
- Nano coatings

- Dispersing

Milling

JOotX
PROCESS

S i

- 25\ —EnR
ks

AL

= T=FAVY

- Dip coating

- Screen printing
- Sintering

- Extrusion

- Bar coating

OA—Fq2

i
APPLICATION

-FLWER D #
D fEH8 -FasE

- SO
R DRAF

- TRRREDOREE

- Conception and
development of
new synthesis-
and dispersion
technologies

- Development of
dispersion
processes and
machines

- Verification of
process quality
for customers

- WEDIELU

RFTCOO YL

- FEERV /MR

ERWDI-D
BRIl

-EEREICETS

W8>

- Failure analysis &

site consultancy

- Strategy consul-

tancy for success-
ful iImplementation
of functional
nano materials

- Concept

development
and consultancy
in the field of
production
development

£E
PRODUCTION
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History of Fraunhofer IPA‘'s Research on Functional

Materials

CNTF ATy

CMT Tennis Racket

“Volkl DN

CNTE e = t

CHNT Bu Lk'- Papar

-

2000 2001 2002 2003
+ A
2000.10.25 Cipening ol CNT

Starting CNT Actnaties

Appl s Laborator
at Fraunhofer TEG HI;?‘:;::‘IUI HRonRRIr
=& Fa—7F [
=y CNTF 7~ 3o

- abeyFHibFIE

ENT/7oFaXI—2
CNT Actuator

2004 2005

&

Opening CNT Dispersian
Laboratory

CNTS R = 1 s

CNTESZ2AHMS
Ceramic Matnx

THE

Composite with CNT

CNTR A3~/

2006

o
CNT Master Batch

2007

2008

TIPLAERD

Graphene Synthesis F A=

and 15 Applications MNanaharmn

| CNTER SR | AwRR
¢ Metal Matrm Compasite |
+ with CNT )

: Film

5 Fraunhofir

2009 2010 2011

A

2011.03.14

Opening of the Fraunhafer OPER
FIV =77 —OPERME

Transparent Conductive -

CNTFoF2a

20012

|l b e
Sitver Nano Wire

I —FEAL:
TAPOE D b () |
Micro Pipette using CNT
Actuater (with AIST Kansai)

2013 A

2013.04

Starting Collaboration
Research on EAP with
AT Kansal
AN T 2—Em
EAPM ER M
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Young‘s modulus
~ 1 100 GPa

Fracture strength
125 GPa

Specific surface
area

2 630 m?4/g




Quality

»Yeo

Mechanical exfoliation
(research,
CVD prototyping)
(coating, bio, transparent
conductive layers,
» v electronics,
kb 2 photonics) -

9 20 ».%
* ;‘r‘.flr A _..I{
w @'ﬁ%

SiC _._ ._:__-._-_-:.-_ S A
(electronics, T3s X
RF transistors) :

Molecular
assembly
(nanoelectronics)

3 @t ¥#p  Liquid-phase exfoliation
o ¥ (coating, composites,

P ¥ i}. % inks, energy storage,
e + bio, transparent conductive layers)

Y

Price (for mass production)

Quelle: K.S. Novoselov et al. Nature 490, 192-200 (2012)
doi:10.1038/nature11458

| o
Conductive ink | -t
EMI screen ink |

Display

Flexible
Touch Panel

High speed _. | Dispaly
Transistor "___ 1Solar cell
RFIC, Sensor lf‘ Packag

LEDlighting, BLU
Automobile ECU
PC

| = Automobile
By a7 Air plane components

Quelle: Andrea Ferrari , Graphen Roadmap to Applications 2013
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nawre International weekly journal of science

Home | News & Comment | Research | Careers & Jobs | Curmrent Issue | Archive | Audio & Video | For Authors

Jourmal home

Billion-euro brain simulation and graphene Currentisstie
projects win European funds rorauors
Efforts to model the whole brain and to push graphene inte the marketplace triumph in [ E-alert Rss [ Faceb

flagship contest.

For graphene research o
1000 million € for 10 Years

Mature | 27 January 2013

Alison Abbott

23 January 2013

The BEuropean Commission has selected the two
F 2. Dirty blizzard buried Deepwa

research proposals it will fund to the tune of half-a- Mature | 26 January 2013

billion euros each after a two-year, high-profile S B TS T mE

Crisis
Mature | 25 January 2013

contest.

4. Letters of Alfred Russel Wal

The Human Brain Project, led by neuroscientist
Mature | 24 January 2013

Henry Markram at the Swiss Federal Institute of
5. Shrunken proton baffles sci

Technology (EPFL) in Lausanne, plans to simulate Nature | 24 January 2013

everything known about the human brain in a

supercomputer — a breathtaking ambition that Nas  Hapn, Markram is co-director of the Human Brain




FINANCIAL TIMES

Home LUK Companies  Markets  Global Economy  Lex Comment  Management  Personal Finance  Life & Arts

December 28, 2013 6:52 pm

UK regulator warns on graphene ‘investment’
schemes
By Jonathan Eley

Fnancial regulators in the UK have warned that consumers are mereasingly being targeted by “dubious” companies offering mvestment
opportunities in graphene, the carbon-based wonder material with a vast range of potential applications.

The Financial Conduct Authority will on Monday post new warnings on its website relating to “unserupulous brokers” who “appear to be
taking advantage of the hype surrounding graphene and are using uncertainty about its future as a way to entice consumers to mvest”.

It decided to take action after finding details relating to a graphene mvestment company on the computer servers of a suspected UK
‘botler room’ operation that it mvestigated.

Graphene, discovered in 2004 by Andre Geim and Konstantin Novoselov at the University of Manchester, consists of endless two-
dmensional sheets of carbon atoms. This structure gives graphene remarkable mechanical and electronic properties that are being
developed for use i products such as display screens, electrical circuits, solar cells and batteries.

Although governments and companies are pouring billions of dollars mto graphene research and development it is unlikely to be used
commercially on a significant scale until around 2020.
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growth rate
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Overview

BN
Graph_ene Graphene ,White Silicene HIEN Fluorographene Grap_hene
family » BC, oxide
Graphen
Semiconducting Metallic dichalk_ogenides:
2D MoS, WS, MoSe, dichalkogenides: | NbSe; NbS, TaS, TiS, NiSe, etc.
chalkogenides WSe, MoTe, WTE, Layered semiconductors:
Zrs,, ZrSe, etc. GaSe, GaTe, InSe, Bi,Se; etc.
: Hydroxides:
Micas, MoO, WO, _ Ni(OH),
o BSCCO ’ Perovskite-type: Eu(OH), etc
oxides : LaNb,O, (Ca,Sr),NbsO,,
Layered TiO,, Mn0,, Bi,Ti;0,, Ca,Ta,TIO,, etc.
- V,0; TaO; Others
Cu oxides ' :
RuO, etc.

stable under ambient conditions (room temperature in air)

probably stable in air

unstable in air but that may be stable in inert atmosphere

A K Geim and | V Grigorieva, Nature, 2013, 499, 419 (DOI:10.1038/nature12385)
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Motivation

18

Fraunhofer

Building van der Waals heterostructures © NPG

\

Z
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Gartner‘s Hype-Cycle

Visibility

A

Peak of Inflated Expectations

Plateau of Productivity

Slope of Enlightenment

Trough of Disllusionment

Technology Trigger

>
Time

Z Fraunhofer

IPA



100

98

_____________________

.~ Bilagen Graphen

Graphen || “l M | | ﬂwlbf

0 25 50
Abstand (um)

Source: R. Nair et al., Science 320, 1308 (2008)
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Fleadhile Touch Screen Made with Primted Graphense

Flexible Touch Screen Made
with Printed Graphene

Sheets of atom-thick carbon could make displays that are super
fast.

afs]+]~1a]0 0

By MNidhi Subbaraman onJuns 2, 2040

Graphens, a sheet of carbon just one atom thick, has
spectacular strength, flexibility, transparency, and electrical
conductivity. Spurred on by its potential for application in new
devices like touch screens and solar cells, researchiers have
been toying with ways to meke large sheets of pure
graphens, for example by shaving off atom-thin flakes and
chemically dissolving chunks of graphite oxide. Yet in the
thirty-some years since graphene’s discovery, laboratory
experiments have mainly yvielded mere flecks of the stuff, and
m&ss manufacture has seemed a long way away.

"The future of the field certainly isn't flaking off pencil
shavings,” says Michasl Strano, a professor of chemical
engineering &t MIT. "The large-area production of monolayer
graphens was & serious technological hurdle to advancing
graphene technology.”

Mow, besting &ll previous records for synthesis of graphens
in the laboratory, researchers at Samsung and Sungkyunkwan

See throughe niversity, in Koreg, have produced & continuous layer of pure graphene the
Hagmarchers oy . .. . . .
created a Mkl size of & large television, spoaling it out throwgh rallers on top of & flexible,

graghens shestwitn ses-through, 63-centimeter-wide polyesier sheet.

rlome -t



ECO TOUCH - conductive ink with CNT

Sales Volume Touch Module
inbn. US $ \

9.0

Qurce: Display Search 2009 Touch Panel Market Analysis

2008 2010 2012 2015

Indi

1.000 -
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300 -
200 -
100 -

0

um Price Fluctuation

AN

Unit: in $/kg

ECO TOUCH concept

K ECO TOUCH I: conductive polymer + CNT \
300Q/0 at 84% transparency, improved in
environmental stability

* ECO TOUCH II: pure single-walled CNT

300Q/0 at 85% transparency, improved in UV-
light resistance

Merits:
* Flexible
* Sustainable (no rare metal, recyclable material)

1960 1970 1980 1990 2000
Source: U.S. Geological Survey, Indium Statistics, 2010

 Easy and energy-saving process
Energy-saving process
/Conventional process: ECO TOUCH Process\

TEUWWY
TYVWYY ¥

sputter = 890 Wh/gm coating = 50 Wh/gm

Source: Fraunhofer FEP Source: Fraunhofer IPA

© Fraunhofer IPA 2013
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ComputerWeekly.com

News @ IT Industry | Technology Blogs Multimedia @ Vendor @ Jlobs @ Premium

Management  Sectors Topics Content Content

Home * Topics > ITmanagement > |[Tlegislation and regulation > Breakthrough in CHNT display design

MEWS

Breakthrough in CNT display design

Antony Savvas - E
Monday 09 May 2005 16:54 ) = =" 5 B [ shere| B3 1) 0 | |9 Tweet /(0

Motorola Labs has unveiled a colour video display prototype based on proprietary
Carbon Nanotube (CNT) technology, a breakthrough technique that could create large,
flat panel displays with superior quality, longer lifetimes and lower costs than current
offerings.

Optimised for a 42in High Definition Television (HDTV) that is less than 1in thick, the
prototype NED (Nano Emissive Display) 5-inch section uses CNTs to show how the design
and fabrication of flat panel displays can be substantially changed.

MNED technology is a scalable method of growing CNTs directly onto glass to enable an
energy efficient design which excels at emitting electrons. The cost-effective process and
design demonstrates the potential to create longer-lasting NED flat panel displays with high
brightness and colour purity, said Motorola.

“With over 15 years experience and 160 patents in CNT and flat panel displays, we have
developed a technology that could enable the next generation of large size flat panel

| P (PSR T Y | TSR | U R [N U NP oy RN S BN DU P |
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Sheet resistansce Rs (Ohm/sq)

Figure of Merit

ITO min. Standard
Hybrid CNT Graphene King-Coleman
Hybrid CNT Graphene Chunyan Li
Hybrid CNT Graphene Tung Kaner
CNT Gruner Hecht Hu
CNT Zhongrui Li
CNT Nirmalraj Coleman acid treated on PET
CNT Nirmalraj Coleman pristine on PET & quartz
CNT Geng acid treated HNO3 on PET
CNT Geng acid treated HNO3 on PET
E Sigma Ratio 10
3 Sigma Ratio 35
10" 5~ Sigma Ratio 100

10"

EmeO® O

10*

Ratio of optical conductivity
to electrical conductivity

| e 188.5 goplA) -
| T(\) = |1+ %

apc

For a layer with 100
Ohm/sq
and a transparency of 90%

90
| oDC

= 35

0,5 0,6 0,7 0,8

Tranparency

p—
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CNT TCF Values

100k

E s PN7 : 5 ‘:
i = PN1 g g g .
= PN8
10k o...... = PNO . — P DU D i T
E Sigma Ratio 10 2
= '\ Recent Value : ’ :
fox i
0
- 1k =
= 3
Q 3
0 i
o ]
100 -
10 L] I 1] I L] I L I ] '
0,5 0,6 0,7 0,8 0,9 1,C
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MATERIALS FOR TRANSPARENT ELECTRODES — AgNW/SWCNT hybrid films

- AgNWs
400f O initial AGNW films
—O—AgNWs & arc discharge SWCNTs

300 E_—A—AgNWs & CoMoCat SWCNTs

200f

100}

sheet resistance [Q)/sq]

4|3

83 84 85 86 87 88
optical transparency [%]

AgNWs SWCNTs
v High conductivity v Low temperatures
v Low temperatures ¥ Bendable
v Moderatly bendable v Stretchable
* Haze = Low conductivity
* Electromigration = Ink purification
= Percolation Threshold = Percolation threshold
— Di ' 3 SWCNT Di
Z Frai h fe
T=86.3% T=80.2%
R = 48 Q/sq RrR=1505q IPA

AgNW films (before: 197 Ohm/sq @ 88%o T) after dip
coating with SWCNTs

Disclosure or dublication without consent is prohibited
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Stencil mask

Screen
printer

" Before
heating

Quelle: S. Bae et al., Nature Nanotechnol., 2010, 5, 574.
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PET film Planarized

©
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Quelle: T. Kobayashi et al., Appl. Phys. Lett., 2013, 102, 023112.
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Graphene on

polymer support Released
polymear suppaort

\

/ Palymer support

Target substrate

Graphene on Cu foil

Cuetchant Graphene on target 2 -

Source: Sungkyunkwan University (Korea), Bae Sukang
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Doping of Graphene

Substitution Adsorption of Molecules

e® 0

Graphen

Source: J.Smet MPI
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Graphene Transfer

Demands on industrial transfer

techniques

= Up-scalable

= Reproducibility

= Economical

= Environmentally friendly

=  Simple with standard machinery
=  Automated

Support

Graphene Supporting Cu Removal of
—— removal Transfer the support
Cu substrate Target layer
31
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Production Cost of 1m? Graphene

Enerqy; Hydrogen;
1,20% __2,70%

T~

Cost (€/1m?): ~197 €
Time: ~3 h Copper;
Temperature: ~1,000 °C B0

Pressure: ~1 atm Argon;
57,50%

Methan;\
0,01%
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>90% cost saving potential
with recycling

~8 € m2 Graphene
(* @lab-scale)

The “Law of Experience”

The unit cost value added to a
standard product declines by a
constant % (typically 20-30%) each
time cumulative output doubles.

hemulris
srmcrahd

Lowing production cost by learning curve

Ku(p) = Ko 10

Need for an inline production method
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R2R SYNTHESIS AND TRANSFER OF CVD GRAPHENE

Deposition
of support l

1@?@””
/8 _© -9 ¢

Synthesis - Electroetching
atmospheric

Electropolishing

Z Fraunhofer
IPA



Forecast for Smart Phone Shipments

70% -

10%

056

2011 2012 2013E 2014E 2015E 2016E 2017E
® Smart phone shipments to Developed World ® Smart phone shipments to Emerging Markets

Source: International Data Corporation
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TECHNOLOGY ROADMAP: THE INTERNET OF THINGS

Software agents and
advanced sensor
fusion
Technology Reach p— S
gy Miniaturization, power-
efficient electronics, and

available spectrum

Teleoperation and
telepresence: Ability to
monitor and control

i . distant objects
Ability of devices located ; Physical-World
indoors t_r:: rec:eive Web
geolocation signals Locating people and
everyday objects oo R
Cost reduction leading yday obj Ubiquitous Positioning
to diffusion into 2nd _ -
wave of applications | Surveillance, security,
healthcare, transport,
food safety, document
Demand for expedited : AT
logistics P management Vertical-Market Applications
RFID tags for

facilitating routing,
inventorying, and loss

prevention Supply-Chain Helpers

2000 2010 2020 Time

Source: SRI Consulting Business Intelligence
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From Industry 1.0 to Industry 4.0: Towards

the 4th Industrial Revolution

4. Industrial Revolution
baged on Cyber-Physical
Production Systems
s Industry 4.0

3. Industrial Revolution =

threugh Irtroduction of =

electronies and IT for & -

further autemizatian o

' : of production Industry 3.0 | §

i 2. Industrial Revolution %

t--'l-..,.-'l-.-lh ﬂ‘l'ﬂuﬂ'l'i niraducticn of Mmass

Mechanical w"-M-’ RSUEon e 00 14 SV E

Loom FaYa¥al of labour powende by o

1784 e i electrical energy Industry 2.0 | 5

1. Industrial Revolution
through introduction of
mechanical production
facditees porverned by
veater and sieam & \ Industry 1.0 ky,
End of Start of Start of today t
18th 20th TOles e
Century Century !:l-!
43
Source: uberb2b.com
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Price

o=

Quantity
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Record price increases in copper explains
why pensioners a scavenging for copper

QE2 begins 5

QE1 begins

Sorce: goldmadesimplenews.com ~Z Fraunhofer
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UsSD per ounce

10 Year Silver High 48.48 Low 4.27

B 00 B 00
iy, Q) iy, Q)
30,00 30,00
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10,00 10,00
o o0 www.kltcﬂ,cﬂmﬂ_m
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Bazed on Mew York Close

Source: ww.silver-coin-investor.com ~ Fraunhofer
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Source: Hu, Applied Physics Letters 94, (2009)
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Thank you very much for your attention

Stuttgart NanoDays 2014 : 17/ 18 September

@Fraunhofer_oper @Ilvica_Nano
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