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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 
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Latest  News  at  Canatu
Canatu  to  talk  at  High  Value

Manufacturing  Graphene

Conference  2013

Canatu  releases  new

transparent  conductive  films

with  ultra-­low  reflections  and

record  flexibility

Canatu  has  been  invited  to  talk

about  flexible  touch  sensors  in

the  upcoming  global  trade

events

Canatu  to  showcase  and  launch

Generation  5  Carbon  NanoBud®

films  in  FPD  International  2013

Canatu  will  give  a  talk  on

advanced  printed  touch  sensors

at  the  ICFPE  conference  in

Korea

Transparent  conductive  films  for  flat,  flexible  or  formable  touch

devices

Canatu  is  a  leading  manufacturer  of  transparent  conductive  films  for  an
entirely  new  class  of  touch  applications.  Canatu’s  CNB™  films  are  based  on
a  new  type  of  carbon  nanomaterial  (Carbon  NanoBud®),  and  a  new  Roll-­to-­
Roll  manufacturing  process  (Direct  Dry  Printing®),  which  combines  the
synthesis  of  the  Carbon  NanoBuds  directly  from  carbon  gases  and  direct
deposition  to  the  substrate  in  one  single  process.  Canatu  offers  its  customers
in  consumer  electronics  and  automotive  industry  next  level  of  design  freedom
with  its  innovative  technologies.

Canatu’s  CNB™  transparent  conductive  films  are  designed  for  demanding
touch  sensors,  paving  the  way  for  high-­contrast  touch  displays  also  in  flexible,
foldable  and  3D  format.

Canatu’s  high-­quality  CNB™  films  serve  touch  module  and  display
companies  in  the  rapidly-­expanding  markets  of  mobile  phones,  tablets,
cameras,  wearable  consumer  devices,  white  goods,  home  appliances  and
automotive.  Canatu  also  supplies  CNB™  touch  sensors  for  touch  module
prototyping  and  small  to  medium  volume  production.  

Canatu  can  help  electronics  hardware  companies  and  brand  names  who  are
seeking  ways  to  differentiate  products,  reduce  production  costs  and  increase
product  performance.  Existing  materials  such  as  silicon,  metals  and  metal
oxides  are  expensive,  not  flexible,  stretchable  or  transparent,  and  require
complex  and  bulky  support  structures.  Moreover,  these  traditional
technologies  are  reaching  their  performance  limits.  With  Canatu's  CNB™
films  it  is  possible  to  replace  Indium  Tin  Oxide  (ITO)  in  capacitive  touch
sensors  using  existing  driving  electronics.    

Key  benefits  of  CNB™  films

Flexible  and  3D  formed  touch  devices
Enables  new  level  of  design  freedom

Improves  touch  display  contrast
CNB™  sensors  provide  outstanding  contrast  and  outdoor
readability  in  touch  displays  due  to  ultra-­low  reflectivity  and
haze.
Highest  transmission  of  any  conductive  carbon  nanomaterials.

Increased  battery  life  due  to  higher  contrast
Higher  contrast  enables  lower  backlight  power

Cost  competitiveness
Low  cost  common  carbon  raw  materials,  simple  production
flow,  simplified  systems  and  devices

Fast  turnaround  in  development  and  production
Invisible  patterns  and  no  need  for  pattern  tuning  for  each
display

Green  carbon  technology
Environmentally  friendly  manufacturing  process  with  no  toxic
wet  chemistry

Canatu  opened  a  CNB™  film  and  sensor  manufacturing  plant  in  Helsinki,
Finland  in  October  2013.    The  plant  manufactures  CNB™  touch  sensors  in
addition  to  the  CNB™  films.  The  sensor  volumes  are  aimed  for  special
applications  and  pilot  production.  The  company  has  numerous  customer
projects  underway,  and  CNB™  technology  is  being  evaluated  by  over  40
companies  worldwide.    A  high-­volume  CNB™  film  manufacturing  plant  is
planned  to  open  in  late  2014.
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Simplified resistance model for SWNT network 



The junction resistance versus  
interfacial area. d1 = tube 1 diameter 
D2= tube 2 diameter. 

The effect of acid doping on  
a)  resistance per unit lenght and  
b)   junction resistance 

  

Tube-to-tube contact resistance 
as well along tube resistance 

measurement of pristine SWNTs 
with conductive atomic force 

microscope (C-AFM) 

Znidarsic, Kaskela et al. (2013) J. Phys. Chem. C 117, 
13324-13330.  



Dissolve Filter (DF): 
High mobility & 
large on/off ratio  
CNTN-FETs 
by better controlling 
SWCNT bundle  
length, orientation 
and SWCNT 
chiral distribution 
(Sun, Zavodchikova, 
Tian, Nasibulin, 
Kauppinen, 
Kishimoto, Mitzutani 
& Ohno (2011), 
Nature 
Nanotechnology)  
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Sun, Timmermans, Tian, Nasibulin, Kauppinen, Kishimoto, Mizutani and Ohno,  
Nature Nanotechnology (2011) 6, 156–161. 
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Controll : 
-  Diameter and length via 
temperature and oxidant (e.g. 
CO2, NH3, H2O) concentration 
-  Bundling via catalyst 
concentration 

Bundling α NCNT
2 α NCat
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TEM of short SWNTs with Fe catalyst particles 
made from CO with HWG FC-CVD reactor 2002 

200 kV, no heating prior imaging 



TEM of SWNTs with Fe catalyst particles 
made from CO with HWG FC-CVD reactor 2003 

200 kV, no heating prior imaging 



Correlation between 
diameter of Fe 
particles and 

SWCNTs – 
control of 
catalyst  

size 0.1 1 10
0.0

0.1

0.2

0.3

0.4

0.5

0.6 Q(H2/N2)=400 cm3/min        Q(CO),     tfurn,  {D},    σ
        cm3/min   °C     nm

   400     1000   1.35  1.36 
   400     1200   1.76  1.26 
   590     1200   1.84  1.23 
   765     1200   1.75  1.22 
   400     1400   2.06  1.27

Diameter of catalyst particles 

no
rm

al
is

ed
 fr

eq
ue

nc
y

size, nm

0.1 1 10
0.0

0.1

0.2

0.3

0.4

0.5

0.6 Q(H2/N2)=400 cm3/min

        Q(CO),     tfurn,  {D},    σ
        cm3/min   °C     nm

   400     1000   0.84  1.24
   400     1200   1.12  1.28
   590     1200   1.17  1.21 
   765     1200   1.15  1.19
   400     1400   1.27  1.40

Diameter of CNTs

no
rm

al
is

ed
 fr

eq
ue

nc
y

size, nm
1000 1100 1200 1300 1400

0.4

0.6

0.8

1.0

1.2

1.4

1.6

1.8

2.0

2.2

2.4 CO flow rate of QCO= 400 cm3/min

C a r b o n   n a n o t u b e s

C a t a l y s t   p
 a r t i 

c l e s

D
ia

m
et

er
, n

m

Temperature, °C

Dpart/DCNT = 1.6 



Ra@o	
  between	
  diameters	
  of	
  catalyst	
  par@cles	
  and	
  CNTs	
  

Experimental conditions Ratio  
tfurn, °C QCO, 

 cm3/min 
Dpart/DCNT 

1000 400 1.60 
1200 400 1.57 

1200 590 1.57 

1200 765 1.52 

1400 400 1.62 

H2 
concentration 

DCNT, 
nm 

DFe, 
nm Dpart/DCNT 

0.07 1.4 2.1 1.50 
7 1.3 2.1 1.62 

100 1.3 2.0 1.54 

Ethanol, tfurn=1200 °C:  

DCNT = 1.7 nm, DFe = 2.4.  
Dpart/DCNT = 1.41  

Ferrocene vapor decomposition 
in CO at 1150 °C 

DCNT = 1.3 nm, Dpart = 3.1 nm 
Dpart/DCNT = 2.4 

MORE DETAILS LATER 

In-situ CVD Synthesis of Particles : 

HiPco CNTs  
(Nikolaev et al. ChemPhysLett 1999) 
DCNT = 0.7-1.4 nm, Dpart = 5-10 nm  

Dpart/DCNT > 3 
 

Pre-made Fe particles introduced in conditions of CNT formation 



Catalyst formed 
in-situ during 
ferrocene 
decomposition in 
CO/CO2 – catalyst 
nucleation & 
growth and 
SWNT nucleation 
coupled. 
Moisala et al., CES 2006 
Ferrocene decomposition  
slow – overlapp between 
CNT nucleation & growth  
and cerrocene decomposition 
– CVD growth of Fe clusters 
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Ying et al. (2011) Carbon 

Optical absorption derived SWCNT diameter distributions vs. 
wall temperature and vs. CO2 concentration"



A. Moisala et al. / Chemical Engineering Science 61 (2006) 4393 –4402 4397

Fig. 3. Overview and high-resolution TEM images (inset) of the CNT product. (A) Fe(CO)5 (TF = 1300 ◦C, x = 18 cm, QTOT,CO = 910 cm3/ min,
pFe(CO)5 = 0.3 Pa). (B) FeCp2 (TF = 800 ◦C, x = 7.5 cm, QTOT,CO = 410 cm3/ min).

Fig. 4. Catalyst particle number size distributions (normalised frequency
versus particle diameter) measured from TEM images.

The aerosol NSD measurement in the CO atmosphere gen-
erally resulted in larger mobility particle size and smaller con-
centration as compared to the N2 atmosphere. For example,
at 1150 ◦C the mean electrical mobility size changed from 40
to 100 nm and the number concentration from 2.5 × 107 to
1.5 × 107#cm3 when the carrier gas composition was changed
from N2 to CO. Fig. 5 shows how increasing the flow rate typ-
ically decreased the mobility particle size. Also an increase in
the concentration was observed as a result of reduced product
agglomeration.

FT-IR gas composition measurements revealed that less than
0.69% of the CO decomposed in the process (Table 3). The
highest conversion of CO to carbon dioxide (CO2) was mea-
sured at 800 ◦C. Only a slight increase in the CO2 concentra-
tion was detected after introducing FeCp2 vapour in the reac-
tor, i.e., at 1150 ◦C the CO2 concentration without FeCp2 was
820 ppm, compared to 853 ppm in the presence of the precur-
sor vapour. This indicates that the reactor walls have a very

important role in the process, i.e., the disproportionation reac-
tion mainly takes place on the iron covered reactor surfaces.
Furthermore, in order to provide reproducible SWCNT syn-
thesis conditions the reactor walls had to be saturated with
iron. This was achieved by introducing FeCp2 to the heated
furnace with N2 as the carrier gas prior to the introduction
of CO.

An overview TEM image of the sample produced at 800 ◦C
is presented in Fig. 3B. The sample contains SWCNT bun-
dles with diameters below 20 nm and lengths up to several
micrometers. Most abundant SWCNT formation took place at
700–800 ◦C. SWCNTs formed also at set temperatures between
900 ◦C and 1150 ◦C as well as at 600 ◦C, but their amount
was lower. Changing the carrier gas composition from pure CO
to a mixture of CO and N2 (vol. ratio 2.7:1) resulted in a de-
crease in SWCNT yield at 1150 ◦C. Introducing N2/H2 to the
reactor yielded only metal particle agglomerates with primary
metal particle sizes above 10 nm. The formation of SWCNTs
based on TEM imaging in the various experimental conditions
is summarised in Table 2.

Based on the high resolution TEM imaging the metal par-
ticles associated with the SWCNT ends, considered as the
active catalysts, were generally 3 nm and below in diameter,
while the inactive particles were larger and encapsulated by
carbon. Inactive metal particles were found in all experimen-
tal conditions and their amount increased with increasing set
temperature. The mean metal particle diameter measured from
TEM images varied from 4.0 at 800 ◦C to 6.5 nm at 1150 ◦C,
with geometric standard deviations of 1.6 and 1.4, respectively
(Fig. 4).

Individual SWCNT diameters varied from 0.9 to 3 in all
conditions. Their lengths, however, depended on the set tem-
perature and residence time. At 1150 ◦C the SWCNT bundles
were a few hundreds of nanometres long, while set temperature
of 800 ◦C yielded several micrometers long bundles of SWC-
NTs. The SWCNT bundle length was reduced when the total
flow rate was increased from 410 (Fig. 6A) to 600 cm3/ min

Catalyst particle size distribution in SWNTs produced with ferrocene reactor.  
SWNT mean diameter about 1.3 nm. 



Sample: Ferrozen 
1000 C with CO + H2O 
Collected on TEM grid 
via ESP filter  

Microscope: FEI TitanTM 80-300 
High tension (HV): 80 kV  

Cs-corrected TEM images of SWCNTs   

Active catalyst is larger than the tube 



Microscope: FEI TitanTM 80-300 
High tension (HV): 80 kV  

Cs-corrected TEM images of SWCNTs   

Large 
Non-active 
Catalyst 
Particles 

Carbon atoms 

Sample: Ferrozene Reactor 
1000 C with CO + H2O  
Collected to TEM grid via ESP filter  
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Chiral	
  angle	
  distribuCons	
  for	
  a	
  SWCNT	
  sample	
  
produced	
  by	
  arc	
  discharge1	
  

	
  	
  	
  

1. C. Journet, W. K. Maser, P. Bernier, A. Loiseau, M. Lamy de la Chappelle, S. Lefrant, P. Deniard, R. 
Lee, and J. E. Fischer, Nature (London) 388, 756 (1997). 

Chiral angle distribution of 124 
individual SWNTs characterized 
experimentally by nano-beam 
electron diffraction analysis. 

The histogram shows 
normalized number (normalized 
by dividing the observed number 
of nanotubes by the number of 
nanotube species at each 
helicity) of characterized 
individual nanotubes with 
different helicities.  

-- Qin et al., Phys. Rev. B 
71, 245413 (2005) 
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Chiral	
  angle	
  distribuCons	
  for	
  a	
  SWCNT	
  sample	
  
produced	
  by	
  laser	
  ablaCon2	
  

	
  	
  	
  

Chiral angle distribution for a laser-ablation SWCNT sample. The 
measurement was based on electron diffraction analysis of 48 SWCNT 
bundles and 10 individual SWCNTs which results in a total occurrence of 

228 helicities for statistic. 

-- Jiang et al., Appl. Phys. Lett. 93, 141903  (2008) 
2. T. Guo, P. Nikolaev, A. Thess, D. T. Colbert, and R. E. Smalley, Chem. Phys. Lett. 
243, 49 (1995). 
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  pressure	
  CO	
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  SWNTs	
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  opCcal	
  data)	
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  very	
  broad	
  vs.	
  
chiral	
  angle	
  when	
  compared	
  to	
  ambient	
  pressure	
  FC-­‐CVD	
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TEM/ED individual tube data -  
Jiang et al. unpublished 

CoMoCat – comparison of TEM/ED  
and  PL 

Sergei M. Bachilo,Leandro Balzano, Jose E. Herrera,  
Francisco Pompeo, Daniel E. Resasco and R. Bruce Weisman 
J. AM. CHEM. SOC. 2003, 125, 11186-11187. 



Chirality i.e. (n,m) maps for samples produced with (a) 0 
ppm NH3, and (b) 500 ppm NH3 as determined with 
electron diffraction of individual SWCNTs – large chiral 
angle due to enhanced etching of low chiral angle tubes 

Jiang et al., JACS   133, 1224 (2010) 



Chiral	
  angle	
  distribuCons	
  for	
  the	
  	
  
	
  NIST	
  VAMAS	
  TWA-­‐34	
  SWCNT	
  sample	
  (CoMoCAT)3	
  

	
  	
  	
  

Chiral angle distribution for a CoMoCAT SWCNT sample. The measurement 
was based on electron diffraction analysis of 44 SWCNT bundles and 49 
individual SWCNTs which results in a total occurrence of 269 helicities for 

statistic. 

-- Jiang et al., unpublished (2010) 

3. Provided by NIST VAMAS TWA-34 project. 



Chiral	
  angle	
  distribuCons	
  for	
  a	
  SWCNT	
  sample	
  	
  
	
  produced	
  from	
  CO	
  by	
  a	
  floaCng	
  catalyst	
  (aerosol)	
  	
  

CVD	
  process	
  
introduced	
  with	
  0	
  ppm	
  NH3	
  (blue)	
  

Chiral angle distribution for a SWCNT sample produced without 
NH3 introduced. The measurement was based on electron 

diffraction analysis of totally 95 individual SWCNTs. 
CO flow rate@400 cm3/min,   CO2 flow rate@2 cm3/min,   Temperature@ 880 °C 

-- Jiang et al., JACS   133, 1224 (2010) 
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Chiral	
  angle	
  distribuCons	
  for	
  a	
  SWCNT	
  sample	
  	
  
	
  produced	
  from	
  CO	
  by	
  a	
  floaCng	
  catalyst	
  (aerosol)	
  	
  

CVD	
  process	
  
introduced	
  with	
  500	
  ppm	
  NH3	
  (Red)	
  

Chiral angle distribution for a SWCNT sample produced with 
500 ppm NH3 introduced. The measurement was based on 

electron diffraction analysis of totally 108 individual SWCNTs. 
CO flow rate@400 cm3/min,   CO2 flow rate@2 cm3/min,   Temperature@ 880 °C 

-- Jiang et al., JACS   133, 1224 (2010) 
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Characterization of SWNTs grown at 500 C, 1 atm 

Preferential growth of semiconducting SWNTs (～90%)  

Co-MgO II by impregnation 



Chiral angle distribution for a Co grown SWCNT sample (500 oC). The 
measurement was based on electron diffraction analysis of 57 individual 

SWCNTs. 

-- He et al., Scientific Reports 3, 1460 (2013) 
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Peking U. Prof. Y. Li 
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