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Who	
  are	
  we	
  

•  Applied	
  Nanolayers	
  BV	
  	
  
– Company	
  building	
  a	
  200	
  mm	
  CVD	
  wafer	
  
produc.on	
  line	
  for	
  graphene	
  in	
  The	
  Netherlands.	
  

Leiden	
  
Nijmegen	
  



Produc.on	
  methods	
  
•  Mechanical	
  exfolia.on	
  
	
  
	
  
•  Thermal	
  decomposi.on	
  of	
  SiC	
  	
  
	
  
	
  
•  CVD	
  on	
  transi.on	
  metals	
  



Produc.ons	
  methods	
  
Method	
   Crystallite	
  size	
  

(µm)	
  
Sample	
  size	
  
(mm)	
  

Mobility	
  (ambient)	
  
(cm2	
  V-­‐1	
  s-­‐1)	
  

ApplicaBons	
  

Mechanical	
  
exfolia.on	
   >	
  1000	
   >	
  1	
   >	
  2·∙105	
  	
   Research	
  

Chemical	
  
exfolia.on	
   ≤	
  0.1	
  

Infinite	
  as	
  
overlapping	
  
flakes	
  

100	
   Coa.ng,	
  paint/ink,	
  composites,	
  
transparent	
  conduc.ve	
  layers,	
  energy	
  
storage,	
  bioapplica.ons	
  

Chemical	
  
exfolia.on	
  
via	
  
graphene	
  
oxide	
  

~	
  100	
  

Infinite	
  as	
  
overlapping	
  
flakes	
  

1	
   Coa.ng,	
  paint/ink,	
  composites,	
  
transparent	
  conduc.ve	
  layers,	
  energy	
  
storage,	
  bioapplica.ons	
  

CVD	
  
1000	
  

~	
  1000	
   10000	
   Photonics,	
  nanoelectronics,	
  transparent	
  
conduc.ve	
  layers,	
  sensors,	
  
bioapplica.ons	
  

SiC	
   50	
   100	
   10000	
   High	
  frequency	
  transistors	
  and	
  other	
  
electronic	
  	
  devices	
  

Novoselov	
  et	
  al.	
  	
  A	
  roadmap	
  for	
  graphene,	
  Nature	
  490	
  (2012)	
  



Produc.on	
  methods	
  

Novoselov	
  et	
  al.	
  	
  A	
  roadmap	
  for	
  graphene,	
  Nature	
  490	
  (2012)	
  

Growth	
  on	
  metal	
  and	
  
subsequent	
  cold	
  transfer	
  to	
  
desired	
  substrate	
  	
  

Grown	
  and	
  used	
  on	
  SiC	
  	
  



CVD	
  graphene	
  
•  Growth	
  on	
  metals:	
  

–  Single	
  crystals	
  
–  Foils	
  
–  Epitaxial	
  layers	
  	
  

•  Metals:	
  
–  Cu	
  (cheap,	
  low	
  carbon	
  solubility,	
  SLG)	
  
–  Ni	
  (cheap,	
  high	
  carbon	
  solubility,	
  MLG)	
  
–  Rh,	
  Ru,	
  Pt,	
  Au,	
  Ir,	
  etc.	
  (expensive)	
  

•  Methods	
  
–  Thermal	
  CVD	
  
–  PE	
  CVD	
  
–  Carbon	
  segrega.on	
  
	
  



Graphene	
  as	
  a	
  pla`orm	
  
•  2D	
  materials	
  used	
  with	
  graphene:	
  

–  h-­‐BN	
  	
  (insulator)	
  
– MoS2	
  (semiconductor)	
  
– Many	
  more…	
  

•  CVD	
  produc.on	
  of	
  h-­‐BN	
  layers	
  is	
  possible.	
  
•  h-­‐BN	
  and	
  graphene	
  can	
  be	
  grown	
  or	
  transferred	
  
on	
  top	
  of	
  each	
  other.	
  

•  Hybrid	
  h-­‐BN/graphene	
  layers	
  can	
  also	
  be	
  
synthesized.	
  	
  

	
  

	
  



Live	
  STM	
  studies	
  of	
  graphene	
  growth	
  

High speed 

"  Speed: video-STM 
   0.01 – 25 frames/s    
             (256x256 pixels) x2 

Variable temperature 

"  Range:  - 50 K – 1300 K 
"  Sweep:  - full T-range: 
                   same area in sight’ over 300 K 
"  ‘Secret’:- finite-element analysis 

 
 

Hoogeman et al., Rev.Sci.Instrum. 69 (1998) 2072 
M.J. Rost et al., Rev.Sci.Instrum. 76 (2005) 053710 

 



Graphene	
  growth	
  on	
  rhodium	
  
Start: Rh(111) seeded with 
graphene at RT by C2H4 
         
Movie: further C2H4 exposure at 
975 K at 3X10-9 ~1 X10-8 mbar 

Real time: 76mins  
170 X 170nm2  
I = 50 pA 
V = -1.84 V 



Substrate	
  orienta.on:	
  or	
  	
  the	
  problem	
  
with	
  foil	
  

Wood	
  et	
  al.	
  Nano	
  Leders	
  (2011)	
  

Cu(111)	
  gives	
  highest	
  quality	
  graphene	
  



Crystalline	
  Substrate	
  Orienta.on	
  

Wofford	
  et	
  al.	
  Nano	
  Leders	
  2010	
  

Cu(100)	
  gives	
  four	
  
different	
  graphene	
  
domains	
  in	
  one	
  
graphene	
  island	
  



Grain	
  boundary	
  



Grain	
  boundary	
  

Growth	
  method	
  determines	
  grain	
  
boundary	
  resis.vity	
  



Pilot	
  produc.on	
  comparison	
  

•  Aixtro	
  

ANL	
  

2	
  inch	
  sapphire	
  wafer	
  +	
  Cu	
  +	
  LPCVD	
  graphene	
  	
   4	
  inch	
  Si	
  wafer	
  +	
  Cu	
  +	
  PECVD	
  graphene	
  	
  

ANL	
  CVD	
  
PECVD	
  
Commercial	
  

Foil	
  	
  
Commercial	
  



Closing	
  
•  Key	
  to	
  further	
  graphene	
  produc.on	
  
improvement	
  is	
  the	
  fundamental	
  
understanding	
  of	
  growth	
  mechanisms.	
  	
  

•  Establish	
  a	
  reliable	
  supply	
  chain	
  for	
  CVD	
  
graphene	
  up	
  to	
  200	
  mm	
  substrates.	
  

•  Engineer	
  for	
  volume	
  produc.on.	
  
•  Fully	
  automated	
  QA	
  toolchain.	
  

•  Contact:	
  r.van.rijn@appliednanolayers.com	
  

	
  


