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1. EXECUTIVE SUMMARY 

Raw materials are fundamental to Europe’s economy, growth and jobs and they are 
essential for maintaining and improving our quality of life. Recent years have seen 
a growth in the number of materials used across products. Securing reliable, 
sustainable and undistorted access of certain raw materials is of growing concern 
within the EU and across the globe. As a consequence of these circumstances, the 
Raw Materials Initiative was instigated to manage responses to raw materials issues 
at an EU level. At the heart of this work is defining the critical raw materials for the 
EU’s economy. These critical raw materials have a high economic importance to the 
EU combined with a high risk associated with their supply.  

The first criticality analysis for raw materials was published in 2010 by the Ad-Hoc 
Working Group on Defining Critical Raw Materials. Fourteen critical raw materials 
were identified from a candidate list of forty-one non-energy, non-agricultural 
materials.  

In the 2013 exercise fifty-four non-energy, non-agricultural materials were 
analysed. The same quantitative methodology as in the previous 2010 exercise 
applies two criteria - the economic importance and the supply risk of the selected 
raw materials. The criticality zone is defined by the thresholds of 2010 to ensure 
comparability of the results. This extended candidate list includes seven new abiotic 
materials and three biotic materials. In addition, greater detail is provided for the 
rare earth elements by splitting them into ‘heavy’ and ‘light’ categories and 
scandium. The overall results of the 2013 criticality assessment are shown below; 
the critical raw materials are highlighted in the red shaded criticality zone of the 
graph. 
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Twenty critical raw materials were identified as critical from the list of fifty-four 
candidate materials: 

Antimony Beryllium Borates Chromium Cobalt Coking 
coal Fluorspar

Gallium Germanium Indium Magnesite  Magnesium  Natural 
Graphite Niobium 

PGMs  Phosphate 
Rock 

REEs 
(Heavy) 

REEs 
(Light) Silicon Metal Tungsten   

This 2013 list includes thirteen of the fourteen materials identified in the previous 
report, with only tantalum (due to a lower supply risk) moving out of the EU critical 
material list. Six new materials enter the list: borates, chromium, coking coal, 
magnesite, phosphate rock and silicon metal. Three of these are entirely new to the 
report. None of the biotic materials were classified as critical. Whilst this analysis 
highlights the criticality of certain materials from the EU perspective, limitations 
and uncertainties with data, and the report’s scope should be taken into 
consideration when discussing this list. It is worth recalling that all raw materials, 
even when not critical, are important for the European economy and therefore not 
being critical does not imply that a given raw material and its availability to the 
European economy should be neglected. Moreover the availability of new data may 
affect the list in the future; therefore the policy actions should not be limited to 
critical raw materials exclusively. In addition, information for each of the candidate 
materials is provided by individual material profiles, found in two separate 
documents attached to this report. Further analysis is provided for the critical raw 
materials within these profiles. 

Analysis of the global primary supply of the fifty-four candidate materials identifies 
around 90% of global supply originated from extra-EU sources; this included most 
of the base, speciality and precious metals, and rubber. China is the major supplier 
when these materials are considered, however many other countries are important 
suppliers of specific materials; for instance, Russia and South Africa for platinum 
group metals. EU primary supply across all candidate materials is estimated at 
around 9%. In the case of critical raw materials, supply from the EU sources is 
even more limited. A comparison between supply of the candidate materials and 
the critical materials is shown below, showing that supply becomes more 
concentrated for the critical materials, particularly in China. 

 
 

 
World primary supply of the 
54 candidate raw materials  

World primary supply of the  
20 critical raw materials 
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The major producers of the twenty EU critical raw materials are shown below, with 
China clearly being the most influential in terms of global supply. Several other 
countries have dominant supplies of specific raw materials, such as the USA 
(beryllium) and Brazil (niobium). Supply of other materials, for example the 
platinum group metals (PGMs) and borates, is more diverse but is still relatively 
concentrated. 

  

  EIT’s 2014 Call for KICs Proposals   

 
 

EIT Raw Materials was designated as an EIT Knowledge and Innovation Community (KIC) by 
the EIT Governing Board on 09 December 2014. The below provides some information about 
the challenges the KIC will address in the field of raw materials (sustainable exploration, 
extraction, processing, recycling and substitution) and the impact it will generate.  

Goals and impact 

EIT Raw Materials has the ambitious vision of turning the challenge of raw materials 
dependence into a strategic strength for Europe. Its mission is to boost the 
competitiveness, growth and attractiveness of the European raw materials sector via 
radical innovation and entrepreneurship. This KIC will integrate multiple disciplines, 
diversity and complementarity along the three sides of the knowledge triangle (business, 
education and research) and across the whole raw materials value chain. 

 EIT Raw Materials will be the strongest consortium ever created in the world in the raw 
materials field. The approach will pay particular attention to systemic thinking and de-
siloing across the value chain. Novel service offerings will be implemented to empower the 
EIT Raw Materials community and other stakeholders, including four customised tracks 
focusing on growth and job creation by boosting start-ups, SMEs, radical innovation and 
education. 
 
EIT Raw Materials will generate significant impact on European competitiveness and 
employment. This will be realised through the introduction of innovative and sustainable 
products, processes and services and well-educated people that will deliver increased 
economic, environmental and social sustainability to European society.  
 
EIT Raw Materials aims to, among others: 
 

x Support and develop over 40 incubated ideas by 2018  
x By 2018 create 16 start-ups  
x More than 1000 Masters and PhD EIT Label graduates by 2018  
x By 2022, EIT Raw materials aims to have commercialised already 70 patents 

 
EIT Raw Materials Co-location Centres  
EIT Raw Materials will set up six Co-location Centres:  
 

x Baltic Sea Co-location Centre  
(in Espoo, Finland)  

x Central Co-location Centre  
(in Metz, France) 

x Eastern Co-location Centre  
(in Wroclaw, Poland)  

x Nordic Co-location Centre  
(in Luleå, Sweden) 

x Southern Co-location Centre  
(in Rome, Italy)  

x Western Co-location Centre  
(in Leuven, Belgium) 

 

[Unit] 
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2. Touch panel industry trends 

Touch everywhere 

© 2013 IHS 
 
Source: IHS 

B2C 

B2B 

˫2.1. Rising application of touch interface 
• Touch technology is increasingly applied to all types of electronic devices used daily.  

• With projected capacitive touch sensors being applied as almost a standard to smartphones and other consumer electronics, 
capacitive touch technology is replacing other technologies used in almost every touch-sensor application. 

Report | Touch Screens | Touch Panel-use Transparent Conductive Film Report - 2013  12 

Indium in touch sensors 
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Overall touch panel market forecast ($ million) 

  2012 2013 2014 2015 2016 2017 CAGR 

Revenue      18,054       20,125       23,282       25,586       27,591       27,960  9.1% 

Y/Y Growth 47.3% 11.5% 15.7% 9.9% 7.8% 1.3%   

Source: IHS © 2013 IHS 

˫3.2. Overall touch panel market forecast: Revenue, 2012-2017 
• In 2013, the touch panel market size is expected to post $18 billion, up 11.5% from the previous year. 

• The five-year CAGR from 2012 to 2017 is forecast to be 9.1%. 
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˫3.4. Touch panel market forecast by major application: Unit, 2012-2017 
• Mobile phones, tablet PCs, laptops, LCD monitors, and AIO PCs make up a large portion of the touch panel market, and these 

five areas will continue to be in high demand. 

 

2012 2013 2014 2015 2016 2017
Mobile Phone 792.0 967.7 1,210.0 1,366.2 1,521.2 1,632.4
Tablet PC 156.0 205.5 265.6 314.4 360.4 380.0
Notebook PC 4.6 20.3 35.2 51.5 63.0 75.3
LCD Monitor 4.2 5.0 8.4 14.1 17.9 23.6
AIO PC 3.7 4.6 6.3 7.9 10.4 12.2
Others 217.6 213.3 233.5 251.7 266.9 278.8
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Touch panel market forecast by major application (Unit: million) 
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2012 2013 2014 2015 2016 2017
Others 18% 15% 13% 13% 12% 12%
AIO PC 0% 0% 0% 0% 0% 1%
LCD Monitor 0% 0% 0% 1% 1% 1%
Notebook PC 0% 1% 2% 3% 3% 3%
Tablet PC 13% 15% 15% 16% 16% 16%
Mobile Phone 67% 68% 69% 68% 68% 68%
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Touch panel market  share by major application (%) 
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2012 2013 2014 2015 2016 2017
Film Sensor 3,079 6,561 9,690 12,247 14,821 16,543
Glass Sensor 4,331 3,366 3,764 4,786 5,380 5,808
Hybrid Sensor 77 191 281 364 389 417
Embedded Sensor 1,062 2,139 3,338 4,252 5,333 6,205
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Capacitive touch panel market forecast by layer structure (Ksqm) 

  

2012 2013 2014 2015 2016 2017
Embedded Sensor 12% 17% 20% 20% 21% 21%
Hybrid Sensor 1% 2% 2% 2% 2% 1%
Glss Sensor 51% 27% 22% 22% 21% 20%
Film Sensor 36% 54% 57% 57% 57% 57%
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• Film types include GFF, GF1, and GF2, whereas glass types include GG, G2, and G1. Hybrid refers to G1F, and embedded types 
are in-cell and on-cell.   

• Film types are forecast to post the steepest growth, and glass types are also expected to show a steady growth centering on 
embedded types and cover integrated types.    

Report | Touch Screens | Touch Panel-use Transparent Conductive Film Report - 2013  54 
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˫1.4. Transparent conductive film market forecast: Revenue / area, 2012–2017 
• In 2013, transparent conductive film market is forecast to record ¥86.6 billion in value and 23.6 Msqm in terms of area. 

• The market’s value is expected to drop gradually along with the fall in film prices and emergence of one film solution (GF2, GF1). 

• By area, the market is expected to exceed 50.4 Msqm in 2017. 

2012 2013 2014 2015 2016 2017
Revenue 55,482 86,632 110,226 120,162 126,999 125,580
Y/Y Growth 9.3% 56.1% 27.2% 9.0% 5.7% -1.1%
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transparent conductive film: Transparent Conductive Film 
Source: IHS 

2012 2013 2014 2015 2016 2017
Area 13,775 23,605 31,673 38,224 45,018 50,383
Y/Y Growth 65.6% 71.4% 34.2% 20.7% 17.8% 11.9%
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Start point Start point 

Projected capacitive touch layer types and major products of each type 
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Source: IHS 

˫2.6. Capacitive touch panel application trends in major products  
• The market initially started with glass types (GG, DITO) and film types (GFF), but currently there are more than 10 types of touch 

panels with different layer structures.  

• Each method has its pros and cons according to the technology, production cost, client preference, and each developer’s situation.  

Report | Touch Screens | Touch Panel-use Transparent Conductive Film Report - 2013  18 GG  - cover glass+ ITO glass sensor 
GFF - cover glass + two ITO film sensors 
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Projected capacitive touch type by layer structure 

© 2013 IHS 
 
Source: IHS 
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˫2.5. Type and definition of capacitive touch panel 
• Largely, it can be divided into add-on, cover window integrated, and display panel integrated types. 

• Add-on types can further be divided into the glass sensor based and the film sensor based.  

• LCD and active matrix organic light-emitting diode (AMOLED) panel makers develop or/and mass produce display panel 
integrated type. 

• Conventional touch panel makers makes mostly film sensors, and trying to improve film-based touch technology competitiveness. 

• LCD and color filter (CF) makers are entering the cover window integrated type segment, such as sheet G2. 

Report | Touch Screens | Touch Panel-use Transparent Conductive Film Report - 2013  17 
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History and forecast: Projected capacitive layers by application   

© 2013 IHS 
 
Source: IHS 

˫2.7. Changes in capacitive touch panel architecture of major applications 
• Glass types were first applied to each application as they work perfectly well in terms of performance and have superior 

transmittance and optical characteristics, while film sensors have limits in sheet resistance and thus in size. But the glass types 
are inferior to the film type in weight and cost.  

• Film types started with resistance of 250 ohm/sqm, which now has improved to 100 ohm/sqm: They’re applied to the size of up to 
mid 10 inches. 

• In-cell/on-cell types are still restrictedly used for high-end smartphones, and since their architecture is favorable to small variety-
mass production, standardization is the key. 

Report | Touch Screens | Touch Panel-use Transparent Conductive Film Report - 2013  19 
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Advantages of one layer type solution over two layer type: Simpler process and lower cost 

© 2013 IHS 
 
Source: IHS 

OCA 

OCA/OCR 

Passivation 
 
 

Metal 
 

Cover Glass 
ITO 

Insulator 
Passivation 

Cover Glass 
ITO 

Cover Glass 

ITO 
PET film 

ITO 
PET film 

OCA/OCR 

Cover Plastic or  Cover Glass 

ITO 
PET film 

Double ITO Layers – G2 
4~5 Layers by photo processes 

Single ITO Layer – G1 
Single layer photo process 

Double ITO Layers – GFF 
Double ITO films 

Single ITO Layer – GF1 
Single ITO film and plastic cover 

˫2.12. Capacitive touch panel development direction: Single layer solution  
• The single layer type touch (GF1, G1, GG1) architecture is cheaper than the existing two layer types, and is increasingly being 

applied along with the expansion of the low cost smartphone market . 

• Along with cutting back on the cost of materials and the less complex process, allowing for higher yield rates, low cost 
manufacturing is possible. 

• As for GF1 type, the overall thickness of the panel can be reduced along with the elimination of one ITO film, and if used with a 
plastic cover befitting its nature of a low cost panel, the cost can be further lowered. (But when using plastic covers, a thicker 
cover must be used compared to glass to prevent warping). 

• The multi-touch feature is limited, and whereas the two layer type has a standard of 10 points, single layer types is divided into 
one, two, and five points. (Selectively applicable depending on the single layer sensor pattern structure and controller IC.) 

• Because of limited multi-touch and narrow bezel features, single layer structures are mostly used for smartphone sizes. 
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Single point + Gesture  Single Layer with Multi-touch 
(w/o a via hole) 

Single layer touch patterns (Without a via hole and with a via hole) 

© 2013 IHS 
 
Source: Companies, IHS 

• Various pattern methods available for each developer. Patterning and electrode formation methods are the differentiating factors 
of each maker.  

• Simple patterns are applied to single- or two-finger touch methods, which have restricted multi-touch features. 

• To create multi-touch comparable to two layer types, ITO pattern becomes complex and the number of electrode lines also rises.  

• Therefore the bezel and black matrix (BM) width become thicker, largely because more electrode lines are required.  

• The via hole type can deliver comparable multi-touch features as the two layer type, but the electrode process becomes complex.  

• Rather than increasing the part for sensing, the width allocated to electrode lines becomes thicker. Therefore overall touch 
sensing and performance are inferior to the two layer structures.  

Single Layer with Multi-touch 
(with a via hole) 

27 
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˫6.3. Necessity of narrow bezel: Metal on ITO 
• Photolithography is commonly used for fine patterning of narrow bezel, and for that, an extra metal layer is needed.  
 
 
 
 
 

Structure and value chain of metal on ITO 

© 2013 IHS Source: IHS 
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2. Characteristics of transparent conductive film   

Transparent conductive film comparison: Resistance and transmittance  

© 2013 IHS 
 
Source: IHS 

Transparent conductive film comparison: Resistance and screen size 

© 2013 IHS 
 
Source: IHS 

˫2.1. Resistance and transmittance / Resistance and screen size 
• The correlation between surface resistance and transmittance of each material. 

• Generally, the resistance can be lowered with a thick deposition, but on the other hand this will lower transmittance. Because of 
such correlations, the biggest challenge for transparent electrode film is to deposit a thin layer whilst keeping the resistance at a 
steady low level.   
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˫1.3. Comparison of metal-based transparent conductive films 
 

 
Metal-based transparent conductive film types – Overall 

Ag Nanowire Ag Halide Cu Mesh Ag (Direct Printing) ITO 

Resistance(ȍ) 30~50ȍ 60ȍ 0.1~0.5ȍ 60ȍ 80ȍ or higher  

Transmittance(%) More than 90% 89% ~ 91% §���� More than 90% 89% 
(Based on 150ȍ) 

Merit Able to use existing 
touch panel production 
lines 

Micro patterning 
Double side patterning 

Strong against static 
electricity 
Able to use existing PDP 
mesh infrastructure 

Bezel wiring can be 
formed at once 

Superior pattern visibility 
Proven for mass 
production 
Secured ample capacity 

Demerit Limited makers, milky 
color, weak chemical 
resistance 

Moiré 
Limited width in 
production lines 

Moiré, corrosion Moiré, haze Instability in indium 
supply 

Flexibility Good Good Good Good Bad 

Method of 
securing pattern 
visibility 

Partial etching, half 
etching 

Partial etching, half 
etching 
 

Introduce blackened 
layer 

Process separate layer 
that controls light 
reflection 

Introduce index matching 
layer 

Layer Type GFF / GF GF2 GFF / GF GFF / GF GFF / GF / GF2 

Price 
(ITO sensor: 1) 

x1.2 
 

x0.8~1 x0.8~1 x1 x1 

Target Application Large laptop~AIO PC Smartphone~AIO PC Large laptop~electronic 
board 

Large laptop~AIO PC Smartphone~laptop 

Major Supplier LGE, E&H, Toray, Okura, 
Nitto, Hyosung, Cheil 
Industry, Iljin Display, O-
film, Carestream 

Fujifilm, Mitsubishi Paper, 
Kodak 

LG Chem, Toppan, DNP, 
Toray, Atmel, Panasonic, 
Fujikura 

Mirae Nanotech, O-film, 
LGI 

Nitto, LG Chem, Oike, 
Sekisui, Gunze, MAX film, 
LG Hausys, Miraestech, 
O-film 

Source: IHS © 2013 IHS 
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Requirements	
  to	
  material	
  and	
  devices	
  for	
  
flexible,	
  transparent	
  and	
  stretchable	
  

electronics	


FabricaCon	
  on	
  plasCc	
  substrate	

	
  

	
  Low	
  temperature	
  process	
  
	
  
Low-­‐cost	
  fabricaCon	
  
	
  

	
  Atmospheric	
  pressure	
  process	
  
	
  High-­‐speed	
  prinIng	
  method	
  
	
  Roll-­‐to-­‐roll	
  manufacturizaIon	
  

Silicon	
  and	
  ITO：Hard,	
  Fragile	
 PlasIc:	
  Flexible,	
  ElasIc	


HewleR-­‐Packard	




Deflec>on	
  in	
  the	
  market	
  1:	
  	
  
Flexible	
  Products	
  Finally	
  Coming	
  of	
  Age	
  

Source: Touch Display Research, Flexible and Curved Display Technologies and 
Market Forecast Report, September 2013  

Almost 20 B USD in 2020 



Deflec>on	
  in	
  the	
  market	
  2:	
  	
  
ITO	
  Replacements	
  Finally	
  Coming	
  of	
  Age	
  



TradiConal	
  thin	
  film	
  transistors	
  materials	


Material	
 Mobility	
  
(cm2/Vs)	


Method	
  
(Process	
  temp.)	
 Flexibility	
 Large	
  

area	
 Cost	
   Stability	


Poly-­‐Si	
 30~300	
 Vac.	
  CVD	
  
(500°C)	
 Bad	
 Fair	
 High	
 Very	
  good	


Amorphous-­‐Si	
 0.5~1	
 Vac.	
  CVD	
  
(>	
  200°C)	
 Bad	
 Fair	
   High	
 Very	
  good	
  

Oxide	
  
(InGaZnO)	
 1~10	
 Vac.	
  SpuRer	
  

(R.T.~200°C)	
 Good	
 Fair	
 Moderate	
 Very	
  good	


Organic	
 0.01~10	

SoluCon,	
  

SublimaCon	
  
(R.T.)	


Good	
 Very	
  
good	
 Low	
 Bad	


Additional important parameter: on/off ratio is larger than 1 000 000 = 106  
(needed for display and digital (IC) applications) 

Manufacturing yield very important for real applications 



Allotropes	
  of	
  carbon	
  –	
  CNT	
  and	
  graphene	
  -­‐	
  
NOVEL	
  NANOCARBONs	
  for	
  electronics	
  ?	
  

C — C 
Nanobud (CNB) 

Graphene – NO band gap 

Carbon nanotube – 
YES has band gap 

diamond graphite 

fullerene 



SWCNT	
  and	
  graphene	
  show	
  extremely	
  high	
  carrier	
  mobility	
  
for	
  flexible	
  electronics	
  applicaCons	
  =	
  fast	
  large	
  devices	
  -­‐>	
  

Ideal	
  material	
  for	
  printed	
  electronics	
  ?	


Material	
 Mobility	
  
(cm2/Vs)	


On/off	
  
raIo	


Manuf.	
  method	
  
(Process	
  temp.)	
 Flexibility	
 Cost	
   Stability	


Individual	
  SWCNT	
  
on	
  the	
  subtrate	


10	
  000	
  –	
  
200	
  000	
 108	
 CVD	
  

(600-­‐900°C)	
 Very	
  good	
 High	
  	
 Very	
  good	


SWCNT	
  thin	
  
film	
  

on	
  the	
  subtrate	

5	
  -­‐	
  2000	
 104	
  -­‐	
  

108	


Depositon	
  from	
  
soluCon	
  or	
  
gas	
  phase	
  
(ambient)	


Very	
  good	
 Low	
  	
 Very	
  good	


Free-­‐standing	
  
graphene	
  single	
  

crystal	


100	
  000	
  -­‐	
  
1	
  000	
  000	
 2-­‐100	


ExfoliaCon	
  
(not	
  an	
  industrial	
  
manufacturing	
  

process)	


Very	
  good	
 Very	
  High	
  	
 Very	
  good	


Graphene	
  thin	
  
film	
  on	
  the	
  Si	
  
subtrate	


1	
  000	
  –	
  
5	
  000	


2-­‐100	

	


CVD	
  
(900-­‐1050°C)	


	

Very	
  good	
 High	
 Very	
  good	


On/off ratio:  For digital electronics and display backplane >106  

New 2-D materials –lower mobility, on-off OK, high cost 
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SWNT challenge is the material control: 
not only (n,m), but also bundling, length, orientation 

Rolling in different directions makes different kinds of tubes 
 



We	
  like	
  to	
  show	
  individual	
  tubes	
  



BUT mainly tubes are in bundles 
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SWCNTs in the 
reactor gas 

Synthesis 

Control of SWCNT 
properties 
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Deposition Thin Films 
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  Direct	
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Industrial	
  manufacturing	
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  Canatu	
  Oy	
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  Cell	

n-­‐type	
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  Cleaning	
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  SiO2,	
  100	
  nm	
  Pt	
  

Ti	
  10	
  nm,	
  Pt	
  50	
  nm	


3	
  mm	
  x	
  3	
  mm	
  
	
  Opening	
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CNT!
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Aerosol!
SWCNT!

Il Jeon, K. Cui, T. Chiba, A. G. Nasibulin, E. 
Kauppinen, S. Maruyama, Y. Matsuo (2015)
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Organic Solar Cell	


Anode	
   VOC	
  	
  
(V)	
  

JSC	
  (mA/
cm2)	
   FF	
   Rs	
  	
  

(Ω)	
  
Rsh	
  
	
  (Ω)	
  

PCE	
  	
  
(%)	
  

ITO	
   0.74	
   15.45	
   0.64	
   92.0	
   2.85E+06	
   7.31	
  

SWCNT	
  90%	
   0.71	
   13.51	
   0.50	
   137	
   7.46E+04	
   4.79	
  

SWCNT	
  80%	
   0.73	
   13.79	
   0.57	
   116	
   9.77E+03	
   5.77	
  

SWCNT	
  65%	
   0.72	
   13.72	
   0.61	
   51.6	
   1.22E+04	
   6.04	
  

Il Jeon, K. Cui, T. Chiba, A. G. Nasibulin, E. 
Kauppinen, S. Maruyama, Y. Matsuo (2015)
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  clusters	
  	
  
Nasibulin,	
  Queipo,	
  Shandakov,	
  
Brown,	
  Jiang,	
  Pikhitsa,	
  Tolochko,	
  
Kauppinen,	
  J.	
  Nanosci.	
  Nanotech.	
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- CO2 and H2O 
  RELEASE

CNT nucleation
- HEPTAGON FORMATION

Steady-state growth of CNT
- C INCORPORATION INTO GRAPHENE LAYER 
- REACTIONS OF CARBON RELEASE AND ETCHING: 

  2CO<=>C+CO2 AND H2+CO<=>C+H2O
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- C INCORPORATION INTO GRAPHENE LAYER 
- REACTIONS OF CARBON RELEASE AND ETCHING: 
  2CO<=>C+CO2 AND H2+CO<=>C+H2O

Controll : 
-  Diameter and length via 
temperature and oxidant (e.g. 
CO2, NH3, H2O) concentration 
-  Bundling via catalyst 
concentration 

Bundling α NCNT
2 α NCat

2 



Fundamentals	
  of	
  parIcles	
  in	
  gas	
  	
  dynamics	
  –	
  
how	
  catalyst	
  parIcles	
  and	
  nanotubes	
  behave	
  during	
  	
  

the	
  floaIng	
  catalyst	
  CVD	
  synthesis	
  

Processes tacking place in an elemental volume  in the general dynamic equation.  
Gas flow produce particle transport across the element boundaries. In addition to 
gravitation, other force field can drive the fluxes, i.e. electrical potential, 
temperature gradient. 39	
  



Basic	
  dynamical	
  processes	
  in	
  aerosol	
  systems	
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Collisions – catalyst particles and SWNTs Nucleation 
of Catalyst  
particles 

Condensation of catalyst metal vapour on SWNTs 
and on non-active catalyst particles 

Aerosol are physically unstable systems experiencing the continual influence of various dynamic processes. 
These processes change the aerosol properties, such as particle size and charge distribution, particle 
morphology, and so on. N = number concentration in the FC-CVD gas 

General dynamics equations: 

β  – the coagulation kernel (coefficient) if two colliding particles,  
δi,k – Kroneker delta (δi,k =1 for i=k, δi,k =0  otherwise),  
ρg – the carrier gas density, N’

1- number concentration of condensing monomers.  
β ‘– the collision frequency of monomers and particles,  

40	
  



Catalyst	
  concentraIon	
  Controlled	
  FC-­‐CVD	
  with	
  
ConcentraIon	
  Monitoring	
  –	
  New	
  Reactor	
  

88
0˚

C
- 1

05
0˚

C
 

•  CO as carrier gas and carbon source with 
ferrocene and CO2 

•  Particle formation by thermal 
decomposition of ferrocene 

•  SWCNTs grown in the gas flow via 
Bouduard reaction 

 
 
 
•  Controlled concentration  

•  1e4 - 1e6 #/cm^3 
•  High individual SWCNT fraction 

•  Substantially improved 
•  Stability  
•  Performance 

 

 CO + CO = C(s) + CO2 
Fe 

DMA + CPC 

Mixing ratio feedback 

A.  Kaskela et al. (2015)To be 
submitted 
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8 % 8 % 

7 % 
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5 % 
5 % 

4 % 4 % 4 % 
3 % 

2 % 2 % 2 % 

Total 166 tubes 
•   Metallic tubes: 24% 
•   Semiconducting tubes: 76%  Note:&&Nanotubes$with$the$occurrence$rate$less$than$2%$are$not$shown$in$the$chat.$$
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Aalto University 2nd generation FC-CVD technology– Fe catalyst and CO/CO2  

Jiang, H., Kaskela A.  et al. (2015) In preparation 



Optical Absorption Spectra  
of as-produced SWNT Thin Films 

Bundle Diameter Distribution  
from AFM 

A.  Kaskela, P. Laiho et al. (2015) To be submitted 



Micropaierned	
  SWNT	
  TCFs	
  –	
  67	
  ohms/sq	
  @	
  97	
  %	
  T	
  

Highly'individual'SWCNTs'with'a'narrow'chirality'
distribu9on'for'high'performance'thin'film'electronics'

An@'Kaskela1,'Patrik'Laiho1,'Hua'Jiang1,'Kimmo'Mustonen1,'Albert'G.'Nasibulin1,'Yutaka'Ohno2'and'Esko'I.'Kauppinen1'

1"Nanomaterials"Group,"Department"of"Applied"Physics,"School"of"Science,"Aalto"University,"Finland."
2Department"of"Quantum"Engineering,"Nagoya"University,"Japan."

Summary"
We"present" our" recent" progress" on" synthesis" of" individual" and" long" SWCNTs"with" a" floaIng" catalyst" reactor" by"
implemenIng" realKIme" concentraIon" and" parIcle" size" control" by" a" differenIal" mobility" analyzer" and" a"
condensaIon"parIcle"counter."This"approach"enabled"us"to"controllably"reduce"the"SWCNT"concentraIon,"leading"
to"reduced"bundling"probability"and"formaIon"networks"consisIng"of"dominantly"individual"SWCNTs."The"SWCNT"
networks"exhibit"excellent"performance"as"transparent"conducIve"films"with"sheet"resistances"as"low"as"70"Ω/sq."
at"97"%"transparency."The"SWCNT"TFTs"exhibit"high"charge"carrier"mobility"of"~100"cm2/Vs"and"ON/OFF"raIos"up"
to"106,"suggesIng"applicaIon"potenIal"of"these"devices"for"integrated"electronics.

FCKCVD"Synthesis "SWCNT"TFT

"Conclusions

[1]"D.KM."Sun,"M."Y."Timmermans,"Y."Tian,"A."G."Nasibulin,"E."I."Kauppinen,"S."Kishimoto,"T."Mizutani,"and"Y."Ohno,"“Flexible"highKperformance"carbon"nanotube"integrated"circuits,”"Nature"Nanotechnology,"vol."6,""March"2011."
[2]"D.KM."Sun,"M."Y."Timmermans,"A."Kaskela,"A."G."Nasibulin,"S."Kishimoto,"T."Mizutani,"E."I."Kauppinen,"and"Y."Ohno,"“Mouldable"allKcarbon"integrated"circuits,”"Nature"CommunicaIons,"vol."4,"Aug."2013."
[3]"Jiang,"H.,"Nasibulin,"A."G.,"Brown,"D."P."&"Kauppinen,"E."I."“Unambiguous"atomic"structural"determinaIon"of"singleKwalled"carbon"nanotubes"by"electron"diffracIon.”"Carbon"45,"2007."
[4]"N."Fukaya,"D."Y."Kim,"S."Kishimoto,"S."Noda,"and"Y."Ohno,"“OneKStep"SubK10"μm"Pakerning"of"CarbonKNanotube"Thin"Films"for"Transparent"Conductor"ApplicaIons,”"ACS"Nano,"Apr."2014."

anl.kaskela@aalto.fi

SWCNT"TCF

IndividualizaIon" of" the" FCKCVD" synthesized" SWCNTs"
leads" to" substanIal" improvement" in" the" transparent"
conducIve" film" performance." Higher" ferrocene" and"
SWCNT"concentraIons" lead" to"heavy"bundle" formaIon"
that" can" terminate" SWCNT" growth," leading" to" reduced"
SWCNT" length" and" reduced" number" of" parallel"
conducIve"pathways"per"unit"area"in"a"SWCNT"network.

A)" Iron" catalyst" parIcles" are" created" by" thermal"
decomposiIon" of" ferrocene" precursor." B)" ConcentraIon"
and" size" of" catalyst" parIcles" can" be" controlled" by"
ferrocene" diluIon," leading" to" controllable" SWCNT"
bundling." The" SWCNT" concentraIon" and" electrical"
mobility" are"monitored" online" at" the" reactor" outlet"with"
differenIal" mobility" analyser" and" condensaIon" parIcle"
counter."C)"ConInuous"FCKCVD"synthesis"process"achieves"
excellent" stability" over" 40h" monitoring," when" SWCNT"
concentraIon"is"used"as"feedback"to"adjust"the"introduced"
ferrocene"concentraIon.

UVKVisKabsorpIon"spectroscopy"shows"that"the"synthesized"
SWCNTs" have" mean" diameter" around" 1.3" nm." SWCNT"
bundling"probabiliIes"were"also"analysed" staIsIcally" from"
TEM" and" AFMKdata." The" results" show" that" with" low"
ferrocene" concentraIon" majority" of" the" synthesized"
SWCNTs"are"individual."

The"bokom"gate"SWCNT"TFTs"were"fabricated"on"p++K
type"Si/SiO2Kchips"by"using"standard"photolithography"
techniques" and" reacIve" ion" etching" for" pakerning" of"
Ti/Au" electrodes" and" SWCNT" channels." The" SWCNTs"
were"deposited"by"filter"dissoluIon"technique"[1K2].""

The" transfer" characterisIcs" of" the" fabricated" SWCNT"
TFTs"were"evaluated"by"Agilent"B1500A"semiconductor"
parameter" analyzer." The" TFTs" exhibit" high" ON/OFF"
raIos"and"mobiliIes"up"to"106"and"100cm2/Vs.

The"floaIng"catalyst"reactor"produces"high"quality,"highly"individualized"SWCNTs"and"the"dry"filtraIon"technique"enables"fabricaIon"of"highly"uniform"and"high"performance"networks"
and"SWCNT"TFT"arrays."RealKIme"concentraIon"and"parIcle"size"monitoring"with"aerosol"characterisaIon"tools"enables"substanIal" improvement"of"SWCNT"The"SWCNT"networks"
exhibit"excellent"performance"as"transparent"conducIve"films"with"sheet"resistances"as"low"as"70"Ω/sq."a"97"%"transparency."With"opImized"network"density,"the"SWCNT"TFTs"exhibit"
excellent"characterisIcs"with"high"charge"carrier"mobility"of"~100"cm2/Vs"and"high"ON/OFFKraIo"up"to"106."

The"SWCNT"TCF"performance"can"be"further"improved"by"
microKpakerning" the" filter" membrane" by" nonKgas"
permeable"material,"leading"to"increased"open"area[4]."We"
have" realised" features"with" " subK10"µm" " line"widths"and"
open"area">90%,"leading"to"sheet"resistance"of"70"Ω/sq."at"
97"%"transmikance.""

B

TEM"Analysis
SWCNT" chirality" and" diameter" distribuIons"
were" analysed" by" electron" diffracIon" and"
intrinsic" layerKline" spacing" method" [3]." The"
results" show" small" mean" diameter" around"
1.3" nm" and" chiraliIes" near" the" armchair"
edge.The" TEM" micrograph" shows" small"
diameter," high" quality," high" purity" and"
individual"SWCNTS."

Highly'individual'SWCNTs'with'a'narrow'chirality'
distribu9on'for'high'performance'thin'film'electronics'

An@'Kaskela1,'Patrik'Laiho1,'Hua'Jiang1,'Kimmo'Mustonen1,'Albert'G.'Nasibulin1,'Yutaka'Ohno2'and'Esko'I.'Kauppinen1'

1"Nanomaterials"Group,"Department"of"Applied"Physics,"School"of"Science,"Aalto"University,"Finland."
2Department"of"Quantum"Engineering,"Nagoya"University,"Japan."

Summary"
We"present" our" recent" progress" on" synthesis" of" individual" and" long" SWCNTs"with" a" floaIng" catalyst" reactor" by"
implemenIng" realKIme" concentraIon" and" parIcle" size" control" by" a" differenIal" mobility" analyzer" and" a"
condensaIon"parIcle"counter."This"approach"enabled"us"to"controllably"reduce"the"SWCNT"concentraIon,"leading"
to"reduced"bundling"probability"and"formaIon"networks"consisIng"of"dominantly"individual"SWCNTs."The"SWCNT"
networks"exhibit"excellent"performance"as"transparent"conducIve"films"with"sheet"resistances"as"low"as"70"Ω/sq."
at"97"%"transparency."The"SWCNT"TFTs"exhibit"high"charge"carrier"mobility"of"~100"cm2/Vs"and"ON/OFF"raIos"up"
to"106,"suggesIng"applicaIon"potenIal"of"these"devices"for"integrated"electronics.

FCKCVD"Synthesis "SWCNT"TFT

"Conclusions

[1]"D.KM."Sun,"M."Y."Timmermans,"Y."Tian,"A."G."Nasibulin,"E."I."Kauppinen,"S."Kishimoto,"T."Mizutani,"and"Y."Ohno,"“Flexible"highKperformance"carbon"nanotube"integrated"circuits,”"Nature"Nanotechnology,"vol."6,""March"2011."
[2]"D.KM."Sun,"M."Y."Timmermans,"A."Kaskela,"A."G."Nasibulin,"S."Kishimoto,"T."Mizutani,"E."I."Kauppinen,"and"Y."Ohno,"“Mouldable"allKcarbon"integrated"circuits,”"Nature"CommunicaIons,"vol."4,"Aug."2013."
[3]"Jiang,"H.,"Nasibulin,"A."G.,"Brown,"D."P."&"Kauppinen,"E."I."“Unambiguous"atomic"structural"determinaIon"of"singleKwalled"carbon"nanotubes"by"electron"diffracIon.”"Carbon"45,"2007."
[4]"N."Fukaya,"D."Y."Kim,"S."Kishimoto,"S."Noda,"and"Y."Ohno,"“OneKStep"SubK10"μm"Pakerning"of"CarbonKNanotube"Thin"Films"for"Transparent"Conductor"ApplicaIons,”"ACS"Nano,"Apr."2014."

anl.kaskela@aalto.fi

SWCNT"TCF

IndividualizaIon" of" the" FCKCVD" synthesized" SWCNTs"
leads" to" substanIal" improvement" in" the" transparent"
conducIve" film" performance." Higher" ferrocene" and"
SWCNT"concentraIons" lead" to"heavy"bundle" formaIon"
that" can" terminate" SWCNT" growth," leading" to" reduced"
SWCNT" length" and" reduced" number" of" parallel"
conducIve"pathways"per"unit"area"in"a"SWCNT"network.

A)" Iron" catalyst" parIcles" are" created" by" thermal"
decomposiIon" of" ferrocene" precursor." B)" ConcentraIon"
and" size" of" catalyst" parIcles" can" be" controlled" by"
ferrocene" diluIon," leading" to" controllable" SWCNT"
bundling." The" SWCNT" concentraIon" and" electrical"
mobility" are"monitored" online" at" the" reactor" outlet"with"
differenIal" mobility" analyser" and" condensaIon" parIcle"
counter."C)"ConInuous"FCKCVD"synthesis"process"achieves"
excellent" stability" over" 40h" monitoring," when" SWCNT"
concentraIon"is"used"as"feedback"to"adjust"the"introduced"
ferrocene"concentraIon.

UVKVisKabsorpIon"spectroscopy"shows"that"the"synthesized"
SWCNTs" have" mean" diameter" around" 1.3" nm." SWCNT"
bundling"probabiliIes"were"also"analysed" staIsIcally" from"
TEM" and" AFMKdata." The" results" show" that" with" low"
ferrocene" concentraIon" majority" of" the" synthesized"
SWCNTs"are"individual."

The"bokom"gate"SWCNT"TFTs"were"fabricated"on"p++K
type"Si/SiO2Kchips"by"using"standard"photolithography"
techniques" and" reacIve" ion" etching" for" pakerning" of"
Ti/Au" electrodes" and" SWCNT" channels." The" SWCNTs"
were"deposited"by"filter"dissoluIon"technique"[1K2].""

The" transfer" characterisIcs" of" the" fabricated" SWCNT"
TFTs"were"evaluated"by"Agilent"B1500A"semiconductor"
parameter" analyzer." The" TFTs" exhibit" high" ON/OFF"
raIos"and"mobiliIes"up"to"106"and"100cm2/Vs.

The"floaIng"catalyst"reactor"produces"high"quality,"highly"individualized"SWCNTs"and"the"dry"filtraIon"technique"enables"fabricaIon"of"highly"uniform"and"high"performance"networks"
and"SWCNT"TFT"arrays."RealKIme"concentraIon"and"parIcle"size"monitoring"with"aerosol"characterisaIon"tools"enables"substanIal" improvement"of"SWCNT"The"SWCNT"networks"
exhibit"excellent"performance"as"transparent"conducIve"films"with"sheet"resistances"as"low"as"70"Ω/sq."a"97"%"transparency."With"opImized"network"density,"the"SWCNT"TFTs"exhibit"
excellent"characterisIcs"with"high"charge"carrier"mobility"of"~100"cm2/Vs"and"high"ON/OFFKraIo"up"to"106."

The"SWCNT"TCF"performance"can"be"further"improved"by"
microKpakerning" the" filter" membrane" by" nonKgas"
permeable"material,"leading"to"increased"open"area[4]."We"
have" realised" features"with" " subK10"µm" " line"widths"and"
open"area">90%,"leading"to"sheet"resistance"of"70"Ω/sq."at"
97"%"transmikance.""

B

TEM"Analysis
SWCNT" chirality" and" diameter" distribuIons"
were" analysed" by" electron" diffracIon" and"
intrinsic" layerKline" spacing" method" [3]." The"
results" show" small" mean" diameter" around"
1.3" nm" and" chiraliIes" near" the" armchair"
edge.The" TEM" micrograph" shows" small"
diameter," high" quality," high" purity" and"
individual"SWCNTS."

Highly'individual'SWCNTs'with'a'narrow'chirality'
distribu9on'for'high'performance'thin'film'electronics'

An@'Kaskela1,'Patrik'Laiho1,'Hua'Jiang1,'Kimmo'Mustonen1,'Albert'G.'Nasibulin1,'Yutaka'Ohno2'and'Esko'I.'Kauppinen1'

1"Nanomaterials"Group,"Department"of"Applied"Physics,"School"of"Science,"Aalto"University,"Finland."
2Department"of"Quantum"Engineering,"Nagoya"University,"Japan."

Summary"
We"present" our" recent" progress" on" synthesis" of" individual" and" long" SWCNTs"with" a" floaIng" catalyst" reactor" by"
implemenIng" realKIme" concentraIon" and" parIcle" size" control" by" a" differenIal" mobility" analyzer" and" a"
condensaIon"parIcle"counter."This"approach"enabled"us"to"controllably"reduce"the"SWCNT"concentraIon,"leading"
to"reduced"bundling"probability"and"formaIon"networks"consisIng"of"dominantly"individual"SWCNTs."The"SWCNT"
networks"exhibit"excellent"performance"as"transparent"conducIve"films"with"sheet"resistances"as"low"as"70"Ω/sq."
at"97"%"transparency."The"SWCNT"TFTs"exhibit"high"charge"carrier"mobility"of"~100"cm2/Vs"and"ON/OFF"raIos"up"
to"106,"suggesIng"applicaIon"potenIal"of"these"devices"for"integrated"electronics.

FCKCVD"Synthesis "SWCNT"TFT

"Conclusions

[1]"D.KM."Sun,"M."Y."Timmermans,"Y."Tian,"A."G."Nasibulin,"E."I."Kauppinen,"S."Kishimoto,"T."Mizutani,"and"Y."Ohno,"“Flexible"highKperformance"carbon"nanotube"integrated"circuits,”"Nature"Nanotechnology,"vol."6,""March"2011."
[2]"D.KM."Sun,"M."Y."Timmermans,"A."Kaskela,"A."G."Nasibulin,"S."Kishimoto,"T."Mizutani,"E."I."Kauppinen,"and"Y."Ohno,"“Mouldable"allKcarbon"integrated"circuits,”"Nature"CommunicaIons,"vol."4,"Aug."2013."
[3]"Jiang,"H.,"Nasibulin,"A."G.,"Brown,"D."P."&"Kauppinen,"E."I."“Unambiguous"atomic"structural"determinaIon"of"singleKwalled"carbon"nanotubes"by"electron"diffracIon.”"Carbon"45,"2007."
[4]"N."Fukaya,"D."Y."Kim,"S."Kishimoto,"S."Noda,"and"Y."Ohno,"“OneKStep"SubK10"μm"Pakerning"of"CarbonKNanotube"Thin"Films"for"Transparent"Conductor"ApplicaIons,”"ACS"Nano,"Apr."2014."

anl.kaskela@aalto.fi

SWCNT"TCF

IndividualizaIon" of" the" FCKCVD" synthesized" SWCNTs"
leads" to" substanIal" improvement" in" the" transparent"
conducIve" film" performance." Higher" ferrocene" and"
SWCNT"concentraIons" lead" to"heavy"bundle" formaIon"
that" can" terminate" SWCNT" growth," leading" to" reduced"
SWCNT" length" and" reduced" number" of" parallel"
conducIve"pathways"per"unit"area"in"a"SWCNT"network.

A)" Iron" catalyst" parIcles" are" created" by" thermal"
decomposiIon" of" ferrocene" precursor." B)" ConcentraIon"
and" size" of" catalyst" parIcles" can" be" controlled" by"
ferrocene" diluIon," leading" to" controllable" SWCNT"
bundling." The" SWCNT" concentraIon" and" electrical"
mobility" are"monitored" online" at" the" reactor" outlet"with"
differenIal" mobility" analyser" and" condensaIon" parIcle"
counter."C)"ConInuous"FCKCVD"synthesis"process"achieves"
excellent" stability" over" 40h" monitoring," when" SWCNT"
concentraIon"is"used"as"feedback"to"adjust"the"introduced"
ferrocene"concentraIon.

UVKVisKabsorpIon"spectroscopy"shows"that"the"synthesized"
SWCNTs" have" mean" diameter" around" 1.3" nm." SWCNT"
bundling"probabiliIes"were"also"analysed" staIsIcally" from"
TEM" and" AFMKdata." The" results" show" that" with" low"
ferrocene" concentraIon" majority" of" the" synthesized"
SWCNTs"are"individual."

The"bokom"gate"SWCNT"TFTs"were"fabricated"on"p++K
type"Si/SiO2Kchips"by"using"standard"photolithography"
techniques" and" reacIve" ion" etching" for" pakerning" of"
Ti/Au" electrodes" and" SWCNT" channels." The" SWCNTs"
were"deposited"by"filter"dissoluIon"technique"[1K2].""

The" transfer" characterisIcs" of" the" fabricated" SWCNT"
TFTs"were"evaluated"by"Agilent"B1500A"semiconductor"
parameter" analyzer." The" TFTs" exhibit" high" ON/OFF"
raIos"and"mobiliIes"up"to"106"and"100cm2/Vs.

The"floaIng"catalyst"reactor"produces"high"quality,"highly"individualized"SWCNTs"and"the"dry"filtraIon"technique"enables"fabricaIon"of"highly"uniform"and"high"performance"networks"
and"SWCNT"TFT"arrays."RealKIme"concentraIon"and"parIcle"size"monitoring"with"aerosol"characterisaIon"tools"enables"substanIal" improvement"of"SWCNT"The"SWCNT"networks"
exhibit"excellent"performance"as"transparent"conducIve"films"with"sheet"resistances"as"low"as"70"Ω/sq."a"97"%"transparency."With"opImized"network"density,"the"SWCNT"TFTs"exhibit"
excellent"characterisIcs"with"high"charge"carrier"mobility"of"~100"cm2/Vs"and"high"ON/OFFKraIo"up"to"106."

The"SWCNT"TCF"performance"can"be"further"improved"by"
microKpakerning" the" filter" membrane" by" nonKgas"
permeable"material,"leading"to"increased"open"area[4]."We"
have" realised" features"with" " subK10"µm" " line"widths"and"
open"area">90%,"leading"to"sheet"resistance"of"70"Ω/sq."at"
97"%"transmikance.""

B

TEM"Analysis
SWCNT" chirality" and" diameter" distribuIons"
were" analysed" by" electron" diffracIon" and"
intrinsic" layerKline" spacing" method" [3]." The"
results" show" small" mean" diameter" around"
1.3" nm" and" chiraliIes" near" the" armchair"
edge.The" TEM" micrograph" shows" small"
diameter," high" quality," high" purity" and"
individual"SWCNTS."

Highly'individual'SWCNTs'with'a'narrow'chirality'
distribu9on'for'high'performance'thin'film'electronics'

An@'Kaskela1,'Patrik'Laiho1,'Hua'Jiang1,'Kimmo'Mustonen1,'Albert'G.'Nasibulin1,'Yutaka'Ohno2'and'Esko'I.'Kauppinen1'

1"Nanomaterials"Group,"Department"of"Applied"Physics,"School"of"Science,"Aalto"University,"Finland."
2Department"of"Quantum"Engineering,"Nagoya"University,"Japan."

Summary"
We"present" our" recent" progress" on" synthesis" of" individual" and" long" SWCNTs"with" a" floaIng" catalyst" reactor" by"
implemenIng" realKIme" concentraIon" and" parIcle" size" control" by" a" differenIal" mobility" analyzer" and" a"
condensaIon"parIcle"counter."This"approach"enabled"us"to"controllably"reduce"the"SWCNT"concentraIon,"leading"
to"reduced"bundling"probability"and"formaIon"networks"consisIng"of"dominantly"individual"SWCNTs."The"SWCNT"
networks"exhibit"excellent"performance"as"transparent"conducIve"films"with"sheet"resistances"as"low"as"70"Ω/sq."
at"97"%"transparency."The"SWCNT"TFTs"exhibit"high"charge"carrier"mobility"of"~100"cm2/Vs"and"ON/OFF"raIos"up"
to"106,"suggesIng"applicaIon"potenIal"of"these"devices"for"integrated"electronics.

FCKCVD"Synthesis "SWCNT"TFT

"Conclusions

[1]"D.KM."Sun,"M."Y."Timmermans,"Y."Tian,"A."G."Nasibulin,"E."I."Kauppinen,"S."Kishimoto,"T."Mizutani,"and"Y."Ohno,"“Flexible"highKperformance"carbon"nanotube"integrated"circuits,”"Nature"Nanotechnology,"vol."6,""March"2011."
[2]"D.KM."Sun,"M."Y."Timmermans,"A."Kaskela,"A."G."Nasibulin,"S."Kishimoto,"T."Mizutani,"E."I."Kauppinen,"and"Y."Ohno,"“Mouldable"allKcarbon"integrated"circuits,”"Nature"CommunicaIons,"vol."4,"Aug."2013."
[3]"Jiang,"H.,"Nasibulin,"A."G.,"Brown,"D."P."&"Kauppinen,"E."I."“Unambiguous"atomic"structural"determinaIon"of"singleKwalled"carbon"nanotubes"by"electron"diffracIon.”"Carbon"45,"2007."
[4]"N."Fukaya,"D."Y."Kim,"S."Kishimoto,"S."Noda,"and"Y."Ohno,"“OneKStep"SubK10"μm"Pakerning"of"CarbonKNanotube"Thin"Films"for"Transparent"Conductor"ApplicaIons,”"ACS"Nano,"Apr."2014."

anl.kaskela@aalto.fi

SWCNT"TCF

IndividualizaIon" of" the" FCKCVD" synthesized" SWCNTs"
leads" to" substanIal" improvement" in" the" transparent"
conducIve" film" performance." Higher" ferrocene" and"
SWCNT"concentraIons" lead" to"heavy"bundle" formaIon"
that" can" terminate" SWCNT" growth," leading" to" reduced"
SWCNT" length" and" reduced" number" of" parallel"
conducIve"pathways"per"unit"area"in"a"SWCNT"network.

A)" Iron" catalyst" parIcles" are" created" by" thermal"
decomposiIon" of" ferrocene" precursor." B)" ConcentraIon"
and" size" of" catalyst" parIcles" can" be" controlled" by"
ferrocene" diluIon," leading" to" controllable" SWCNT"
bundling." The" SWCNT" concentraIon" and" electrical"
mobility" are"monitored" online" at" the" reactor" outlet"with"
differenIal" mobility" analyser" and" condensaIon" parIcle"
counter."C)"ConInuous"FCKCVD"synthesis"process"achieves"
excellent" stability" over" 40h" monitoring," when" SWCNT"
concentraIon"is"used"as"feedback"to"adjust"the"introduced"
ferrocene"concentraIon.

UVKVisKabsorpIon"spectroscopy"shows"that"the"synthesized"
SWCNTs" have" mean" diameter" around" 1.3" nm." SWCNT"
bundling"probabiliIes"were"also"analysed" staIsIcally" from"
TEM" and" AFMKdata." The" results" show" that" with" low"
ferrocene" concentraIon" majority" of" the" synthesized"
SWCNTs"are"individual."

The"bokom"gate"SWCNT"TFTs"were"fabricated"on"p++K
type"Si/SiO2Kchips"by"using"standard"photolithography"
techniques" and" reacIve" ion" etching" for" pakerning" of"
Ti/Au" electrodes" and" SWCNT" channels." The" SWCNTs"
were"deposited"by"filter"dissoluIon"technique"[1K2].""

The" transfer" characterisIcs" of" the" fabricated" SWCNT"
TFTs"were"evaluated"by"Agilent"B1500A"semiconductor"
parameter" analyzer." The" TFTs" exhibit" high" ON/OFF"
raIos"and"mobiliIes"up"to"106"and"100cm2/Vs.

The"floaIng"catalyst"reactor"produces"high"quality,"highly"individualized"SWCNTs"and"the"dry"filtraIon"technique"enables"fabricaIon"of"highly"uniform"and"high"performance"networks"
and"SWCNT"TFT"arrays."RealKIme"concentraIon"and"parIcle"size"monitoring"with"aerosol"characterisaIon"tools"enables"substanIal" improvement"of"SWCNT"The"SWCNT"networks"
exhibit"excellent"performance"as"transparent"conducIve"films"with"sheet"resistances"as"low"as"70"Ω/sq."a"97"%"transparency."With"opImized"network"density,"the"SWCNT"TFTs"exhibit"
excellent"characterisIcs"with"high"charge"carrier"mobility"of"~100"cm2/Vs"and"high"ON/OFFKraIo"up"to"106."

The"SWCNT"TCF"performance"can"be"further"improved"by"
microKpakerning" the" filter" membrane" by" nonKgas"
permeable"material,"leading"to"increased"open"area[4]."We"
have" realised" features"with" " subK10"µm" " line"widths"and"
open"area">90%,"leading"to"sheet"resistance"of"70"Ω/sq."at"
97"%"transmikance.""

B

TEM"Analysis
SWCNT" chirality" and" diameter" distribuIons"
were" analysed" by" electron" diffracIon" and"
intrinsic" layerKline" spacing" method" [3]." The"
results" show" small" mean" diameter" around"
1.3" nm" and" chiraliIes" near" the" armchair"
edge.The" TEM" micrograph" shows" small"
diameter," high" quality," high" purity" and"
individual"SWCNTS."

A.  Kaskela, Y. Ohno  et al. (2015) To be submitted 



1 10 100 1000 10000
0

20

40

60

80

100

 This work: NO2-doped SWNTs  (Nasibulin et al.)
 This work: pristine SWNTs (Nasibulin et al.)
 Aerosol synthesised (Kaskela et al.)
 Sorted DWCNTs + SOCl2 (Green & Hersam)
 Sorted SWCNTs + SOCl2 (Green & Hersam)
Pristine SWCNTs (Green & Hersam)
 Arc tubes (Geng & Lee)
 Laser tubes (Geng & Lee)
 HiPco tubes (Geng & Lee)

Tr
an

sm
itt

an
ce

 (%
) 

Sheet resistance (:/  )

ITO on flexible substrate

Record performance level of SWCNT-based 
transparent electrodes (1.7 nm tubes) 

Nasibulin, Kaskela, Mustonen, Anisimov, Kauppinen, et al. (2011) 
ACS Nano, 5(4), p.3214 

84 :/     at Tr=90% -> 
37 :/     at Tr=90% 

With micropattern: 67 ohm/sq @ 97 %T - 
collaboration with Prof. Yutaka Ohno 

 
 
                                              Large reactor – 10 nm bundles  



Novel spark discharge FC-CVD SWNT technology – separate 
catalyst formation and SWNT nucleation - bundling control 

K. Mustonen et al. (2015) Submitted 

SWNTs 

Catalyst 
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Fig. 4. 

TCF with Individual tubes – length 4 microns – 
60 ohms/sq @ 90 % T  (HNO3 doped) 

 Note: Graphene     30 ohms/sq @ 90 % T  - has been 
transferred 4 times from Cu substrate 
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Fig. 4. 
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Gas phase SWNT number size distributions 
based on electrical mobility 

10 100
0

1x106

2x106

3x106

33 nm

41 nmdN
/d

lo
g(

D
p)

 (c
m
-3
)

Dp (nm)

 High concentration mode NH = 2x106

 After aersol delay line      ND = 5x105

 Low concentration mode NL = 4x105

34 nm

SWNT bundling in the laminar flow reactor –  
0 to 360 s delay time.  

Spark discharge Fe 
catalyst  

in N2-H2-CO FC-CVD – 
low and high SWNT 

number concentration 
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Low concentration 
No additional bundling 

High concentration 
No additional bundling 

Low concentration 
360 s bundling time 



The effect of bundling on sheet resistance vs. 
transmittance – non-doped films 
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K. Mustonen, P. Laiho, A. Kaskela, H. Jiang, A. Nasibulin, E.I. Kauppinen (2015) In preparation 



TFT-­‐FETs	
  
Spark	
  FC-­‐	
  CVD	
  SWNT	
  
random	
  network	
  	
  
via	
  filter	
  transfer	
  

•  Excellent	
  SWCNT	
  network	
  
uniformity	
  
–  High	
  device	
  yield	
  and	
  controlled	
  

transfer	
  characterisCcs	
  
•  The	
  charge	
  carrier	
  mobility	
  

~100cm2/Vs	
  and	
  typical	
  ON/OFF	
  
raCos	
  >105	
  

•  Small	
  ON	
  current	
  spread	
  	
  
•  ON/OFF	
  raCos	
  scaling	
  as	
  funcCon	
  

of	
  channel	
  length	
  	
  
–  SWCNT	
  network	
  uniformity	
  

approaches	
  ideal	
  random	
  network	
  
with	
  1/3	
  metallic	
  and	
  2/3	
  semi-­‐
conducCve	
  SWCNT	
  

51	
  

Kang et.al. Nature Nanotech, 2007. 

K. Mustonen, P. Laiho, A. Kaskela, H. Jiang, A. Nasibulin, E.I. Kauppinen (2015) In preparation 



Content	
  
•  The	
  need	
  to	
  replace	
  Indium	
  and	
  Gallium	
  in	
  transparent	
  
conductors	
  (TCF)	
  and	
  transistor	
  (TFT):	
  carbon	
  
nanotubes	
  as	
  novel	
  materials	
  for	
  flexible,	
  transparent	
  
and	
  stretchable	
  electronics	
  ?	
  

•  Project	
  objecIves:	
  meet	
  ITO	
  (indium-­‐Cn	
  oxide)	
  and	
  
IGZO	
  (indoum-­‐zinc-­‐gallium	
  oxide)	
  specs	
  with	
  flexible	
  
SWNT	
  thin	
  films	
  

•  Partners:	
  3	
  from	
  EU	
  and	
  3	
  from	
  Japan	
  
•  Main	
  results	
  for	
  TCF,	
  TFTs	
  and	
  solar	
  cells	
  
•  Future	
  plans	
  –	
  how	
  to	
  use	
  the	
  results	
  



Companies	
  following	
  IRENA	
  

FP7-NMP-2013-EU-Japan IRENA <604472>

Version date: 30.5.2013 35

B2.1.3 Group Leaders

Group leader is the beneficiary representative – member of the General Assembly that
holds highest position in his/her organisation among the staff participating in the project and
has right to decide on legal and financial issues.
.
B2.1.4. Work Package Leaders

A WP Leader is nominated by the Group Leader of the organisation that holds leadership in
the respective WP, and is approved by the General Assembly. The same person can be
simultaneously Group Leader and Work Package Leader.

B2.1.5. User Group

These User Group consists of the representatives of industrial partners from both Japan
and EU that will be invited to join the dissemination meetings to learn about the project
results. IRENA’s General Assembly and Coordination Committee will make decisions
considering the invited industrial partners. The possible industrial partners can be:

From EU:

x Osram
x Nokia Oy
x Canatu Oy
x Fortum Oy
x Sefar AG
x Beneq Oy
x Amcor
x Eight19 Ltd

From Japan:

x Showa Denko K.K.
x Toray

The representatives are delegated by their organisation and no maximum number of User
Group members is set. New organisations can be invited to participate in User Group during
the course of the project. User Group receives public part of the periodic and final reports,
and disseminate the research result inside own organisation. Results to be disseminated
should be approved for publication by the General Assembly and the Coordination
Committee beforehand. In addition, members of the User Group can influence the scientific
objectives of the project by contacting the Coordinator or other General Assembly
members. Suggestions from the User Group have to be approved by the General
Assembly. Members of the user group should sign a confidentiality agreement and all
project participants shall agree on the transfer of the reports. The travel costs of User Group
representatives in the dissemination meetings are not planned to be reimbursed by the
IRENA-project.

B2.1.6. Decision making mechanisms

The process of nomination members of the administrative bodies of the project is described
in the sections above. The General Assembly makes all decisions by the majority of two
third of General Assembly members representing the beneficiaries in case of a quorum two
third of the General Assembly member is present.
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•  In Helsinki, Finland   
   

•   Roll-to-roll 600mm wide CNB™ Films 
•  1200 m2 production space 
•  400 m2 clean room 
 
•  Canatu is   
      ISO 9001:2008 certified 

 

Canatu’s	
  producCon	
  facility	
  



Sheet resistivity (Ω/□) 

Examples: 
 
100 Ω/□ at 94% 
150 Ω/□ at 96% 
270 Ω/□ at 98% 

This is substrate-normalized 
transmission:  
T = 100% - CNB Absorbance 

Commercially	
  available	
  by	
  Canatu	
  Oy:	
  
	
  High	
  transparency	
  	
  nanotube	
  film	
  -­‐	
  

	
  meeIng	
  ITO	
  stability	
  and	
  uniformity	
  specs	
  	
  	
  





Haze	
  comparison	
  in	
  touch	
  modules	
  
Intel	
  measurements	
  from	
  13.3”	
  

Ultrabooks	
  
CNB has the 
lowest haze in 
the industry 



CNB	
  Film	
  lifeIme	
  bending	
  test	
  –	
  
touch	
  sensors	
  for	
  flexible	
  devices	
  	
  

 
7% resistivity change at 2 mm bending 
radius over 140 k bending cycles. 

 

50 µm PET 

130 µm PET 

CNB survives a lifetime of a 
foldable device. 



CNB™	
  films	
  can	
  be	
  stretched	
  
•  Using	
  Industry-­‐standard	
  forming	
  and	
  injecCon	
  moulding	
  processes:	
  

Pressure	
  forming,	
  Film	
  Insert	
  Molding	
  (FIM)	
  
•  Locally	
  streched	
  as	
  much	
  as	
  120%,	
  bending	
  radius	
  1	
  mm	
  

–  CNB™	
  sCll	
  remained	
  conducCve	
  in	
  the	
  tested	
  challenging	
  forms	
  
	
  
	
  

120% stretch 

1 mm bend radius  



NanoMaterials	
  Group,	
  Aalto	
  University	
  School	
  of	
  Science	
  
Department	
  of	
  Applied	
  Physics	
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