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Announcements	  
§ Video	  due	  5pm	  today	  (Mar/15)	  
§  Please	  bring	  file	  on	  USB	  sSck	  Wednesday	  
§  Peer	  review	  info	  TBA	  (due	  Mar/26)	  

§ PS3	  due	  Wed	  (Mar/17)	  
§  Q2,	  Q3	  à	  qualitaSve	  answers	  OK;	  ask	  quesSons	  during	  lecture	  today	  

§ PS2	  returned	  Wed,	  also	  HW3	  soluSon	  to	  be	  posted	  Wed	  
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Recap:	  NP	  growth	  kine=cs	  –	  size	  broadening	  
and	  focusing	  

Sugimoto,	  Adv.	  Colloid	  Interface	  Science	  28:65,	  1987.	  

ROC	  of	  
average	  radius	  

ROC	  of	  standard	  devia2on	  
	  of	  radius	  
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Good	  separa=on	  of	  
nuclea=on	  and	  growth	  

Poor	  separa=on	  of	  
nuclea=on	  and	  growth	  
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Today’s	  agenda	  
§ General	  methods	  of	  making	  1D	  nanostructures	  
§  Synthesis	  of	  nanotubes	  and	  nanowires	  by	  CVD	  methods:	  
§  Basic	  growth	  mechanisms	  
§  Furnace	  designs	  
§  NucleaSon	  and	  catalyst	  performance	  
§  PreparaSon	  and	  deposiSon	  of	  nanoparScle	  catalysts	  
§  CNT	  and	  NW	  growth	  on	  substrates:	  morphology	  control	  and	  

parameter	  trends	  
§  LimiSng	  mechanisms:	  kineScs,	  diffusion,	  impuriSes,	  defects	  
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Readings	  for	  lectures	  13-‐15	  
Nominal:	  (ctools)	  
§ AJH	  wriAen	  notes	  (one	  file	  for	  today	  and	  wednesday)	  
§  Sugimoto,	  “PreparaSon	  of	  monodispersed	  colloidal	  parScles”	  
§  Through	  page	  73,	  needed	  as	  backup	  to	  lecture	  notes	  only	  

§ Peng	  et	  al.,	  “KineScs	  of	  II-‐VI	  and	  III-‐V	  colloidal	  semiconductor	  
nanocrystal	  growth:	  focusing	  of	  size	  distribuSons”	  

§ Kodambaka	  et	  al.,	  “Growth	  kineScs	  of	  Si	  and	  Ge	  nanowires”	  
§ Hochbaum	  et	  al.,	  “Controlled	  growth	  of	  Si	  nanowire	  arrays	  for	  
device	  integraSon”	  

§ Terranova	  et	  al.,	  “The	  world	  of	  carbon	  nanotubes:	  an	  overview	  of	  
CVD	  growth	  methodologies”	  

§ Wirth	  et	  al.,	  “Diffusion-‐	  and	  reacSon-‐limited	  growth	  of	  carbon	  
nanotube	  forests”	  
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Readings	  for	  lectures	  13-‐15	  
Extras:	  (ctools)	  
§ Burda	  et	  al.,	  excerpt	  from	  “Chemistry	  and	  properSes	  of	  
nanocrystals	  of	  different	  shapes”	  
à More	  detail	  on	  chemical	  methods	  of	  NP	  synthesis,	  self-‐assembly	  

§ Xia	  et	  al.,	  “One-‐dimensional	  nanostructures:	  synthesis,	  
characterizaton,	  and	  applicaSons”	  
à Broad	  overview	  of	  top-‐down	  and	  boAom-‐up	  NW/NT	  synthesis	  

§ Wagner	  and	  Ellis,	  “The	  vapor-‐liquid-‐solid	  method	  of	  crystal	  
growth	  and	  its	  applicaSon	  to	  silicon”	  

§ Hofmann	  et	  al.,	  “Ledge-‐flow-‐controlled	  catalyst	  interface	  
dynamics	  during	  Si	  nanowire	  growth”	  

§ Harutyunyan	  et	  al.,	  “PreferenSal	  growth	  of	  single-‐walled	  
carbon	  nanotubes	  with	  metallic	  conducSvity”	  
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	  Building	  blocks	  

	   	  Nanoclusters	   	  Nanopar=cles	  
	   	  Magic	  #’s	  of	  atoms 	  100’s-‐1000’s	  of	  atoms	  

	  ≤1	  nm	  size 	   ∼1-‐100	  nm	  diameter	  

	  	  Nanowires	  	  	  	  	  	  	  	  Nanotubes	  
	  Filled 	   	  Hollow 	  	  

∼1-‐100	  nm	  dia,	  up	  to	  mm	  long	  and	  beyond!	  

0-‐D	  

1-‐D	   2-‐D	  

	  Nanosheets	  
∼1	  atom	  thick	  
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Ways	  of	  making	  ‘1D’	  nanostructures	  

Guide along a 
preferred 

crystal 
direction 

 
 
 

Template-
directed 

(e.g., in a pore) 
 
 

Assembly of 
0D structures 

(nanoparticles) 

 
Confinement 
by liquid 
droplet 
 
 
 
Kinetic control 
using capping 
reagents 
 
 
Size reduction 
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Ways	  of	  making	  ‘1D’	  nanostructures	  

VS method 
 
 
 
 
 
 

Next 
 
 
 
 
 
 

Self-assembly 
(later) 

Today 
 
 
 
 
 
Tetrapods 
 
 
 
 
 
 
 
Top-down 
(lecture 12) 

R

R > R*

Adsorption

Heterogeneous nucleation

Nanowire growth
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Templa=ng	  methods	  

Xia	  et	  al.,	  Advanced	  Materials	  15(5):353,	  2003.	  
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Templa=ng	  methods	  

Xia	  et	  al.,	  Advanced	  Materials	  15(5):353,	  2003.	  
Meng	  et	  al.,	  Angewandte	  Chemie	  48:1-‐6,	  2009.	  
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Many	  materials	  can	  be	  made	  into	  
nanotubes	  and	  nanowires	  

Kolasinski,	  Current	  Opinion	  in	  Solid	  State	  and	  Materials	  Science	  10:182,	  2006.	  

§ Nanowires	  
§  CatalySc	  growth:	  Si,	  SiGe,	  CdS,	  

CdTe,	  ZnO,	  InAs,	  …	  
§  Overall	  ANY	  1D	  nanocrystal	  with	  

anisotropic	  crystal	  structure,	  by	  the	  
Vapor-‐Solid	  (VS)	  method	  

§ Nanotubes	  
§  CatalySc	  growth:	  	  C,	  Ws2	  
§  Many	  others	  by	  templaSng,	  e.g.,	  

TiO2,	  metals	  

§ “Catalysts”	  
§  have	  surface	  and/or	  bulk	  solubility	  

for	  the	  precursor	  (or	  dissociated	  
precursor)	  
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Semiconductor	  bandgaps	  à	  nanowire	  
tunability	  

Dick,	  Progress	  in	  Crystal	  Growth	  and	  Characteriza?on	  of	  Materials	  54:138-‐173,	  2008.	  

(Quantum	  dots)	  F.	  Frankel	  
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The	  original:	  vapor-‐liquid-‐solid	  (VLS)	  model	  

Wagner	  and	  Ellis,	  Trans.	  AIME	  233:1053,	  1965;	  S.	  Hofmann	  (Cambridge).	  
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Cataly=c	  chemical	  vapor	  deposi=on	  (C-‐CVD)	  
of	  nanowires/nanotubes	  (NWs/NTs)	  

Substrate/support

Growth

Nanostructure

Catalyst

AnBm
A

Precursor

Base	  vs.	  =p	  growth	  
(CNTs)	  

Hayashi	  et	  al.,	  Nano	  LeCers	  3(7):888,	  2003.	  
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Phases	  and	  the	  catalyst-‐wire	  interface	  

	  
Lu	  and	  Lieber,	  J.	  Phys.	  D	  39:R387,	  2006.	  
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Heterostructures	  

	  
Fan	  et	  al.,	  Small	  6:700,	  2006.	  
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Core-‐shell	  nanowires	  

Lauhon	  et	  al,	  Nature	  420,	  2003.	  
Qian	  et	  al,	  Nano	  LeCers	  5,	  2005.	  
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Why	  CVD?	  
§  Low	  temperature	  and	  low	  cost	  (relaSvely)	  
§ Adaptable	  to	  a	  wide	  variety	  of	  structures	  (based	  on	  catalyst	  
and	  reactant	  choice)	  

§  Low	  defect	  density	  
§ Rapid	  growth	  
§ Direct	  growth	  on	  substrates	  
§  Scalable	  to	  large	  areas	  and	  reactor	  volumes	  
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CVD	  growth	  systems	  
Horizontal	  tube,	  fixed	  catalyst	  

Ver=cal	  tube,	  floa=ng	  catalyst	  

Ver=cal	  tube,	  fluidized	  bed	  

Plasma-‐enhanced	  

Teo,	  2003.	  

Precursor	  can	  be	  	  
-‐ 	  Gas	  (e.g.,	  pressurized	  tank)	  
-‐ 	  Liquid	  (e.g.,	  spray,	  evaporate)	  
-‐ 	  Solid	  (evaporate	  or	  sublime)	  
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CNT	  reactor	  design:	  tube	  furnace	  

Terranova	  et	  al.,	  Chemical	  Vapor	  Deposi?on	  12:315,	  2006.	  

0 20 40 60 80 100 1200

100

200

300

400

500

600

700

800

900

1000

Time [min]

Te
m

pe
ra

tu
re

 [C
]

 

 

Setpoint Program
Control TC
TC in tube (center)

Ramp

Hold	  |	  Grow

Cool



©2010	  |	  A.J.	  Hart	  |	  24	  

CNT	  forest	  growth	  on	  4”	  silicon	  wafers	  

VA-‐CNT	  arrays	  on	  4”	  wafers	  
(S.	  Fan	  and	  K.	  Jiang,	  Tsinghua	  Univ)	  
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Tube	  OD	  =	  400	  mm,	  $0.9M,	  ∼100	  tons/yr	  @24-‐7	  
(courtesy	  R.	  Blackmon,	  Harper	  InternaSonal)	  

FLOW

1 cm

Quartz tube
Substrate

Heater coil

Large	  rotary	  tube	  furnace	  
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Reactor	  design:	  plasma-‐enhanced	  CVD	  

Terranova	  et	  al.,	  Chemical	  Vapor	  Deposi?on	  12:315,	  2006.	  

§ Types	  of	  plasmas:	  direct,	  
remote;	  inducSvely	  
coupled	  

§ Roles	  of	  electric	  field	  
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Reactor	  design:	  fluidized	  bed	  

See	  et	  al.,	  Ind.	  Eng.	  Chem.	  Res.	  46:997,	  2007.	  
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Fluidized	  bed	  reactor:	  30	  kg/h	  MWNTs	  =	  265	  tons/yr	  @24-‐7	  
(F.	  Wei,	  Tsinghua	  Univ)	  	  

Large	  fluidized	  bed	  reactor	  
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Quan=ty	  [#/vol]	  

O
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w
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Order	  =	  length,	  alignment,	  quality	  
Quan=ty	  =	  #/volume	  

forest	  (aligned)	  	  

network	  (tangled)	  

dispersion	  

individual	  

1 µm

yarn/sheet	  

Configura=ons	  
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Applica=ons	  
lo
w
	  

hi
gh
	  

few	  (<<	  1g)	   many	  

Transistors	  

ESD/plas=cs	  

Transparent	  
conductors	  

Emigers,	  memory	  

Interconnects	  

Now	  commercialized	  

Limited	  by	  	  
current	  mfg	  	  
technology	  

Lightweight	  conductors	  
Organized	  composites	  

Bageries	  
(powder	  electrodes)	  

Filtra=on/desalina=on	  
3D	  energy	  devices	  
Thermal	  interfaces	  

Quan=ty	  [#/vol]	  

O
rd
er
	  

Enabled	  by	  ultra-‐long	  CNTs	  

Higher	  precision	  of	  CNT	  
diameter	  required	  
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Three	  important	  stages	  

1.   Prepara=on	  of	  the	  catalyst	  
	  -‐	  FormaSon	  and	  treatment	  (e.g.,	  
reducSon	  of	  the	  nanoparScles)	  

	  
	  
	  
	  
	  
	  

2.	  Nuclea=on	  
	  -‐	  OrganizaSon	  and	  “liwoff”	  of	  the	  
structure	  (for	  NTs,	  the	  cap)	  on	  the	  
catalyst	  surface	  

	  
	  

3.	  Growth	  
	  -‐	  Steady	  “extrusion”	  of	  the	  structure	  
from	  the	  parScle	  
	  -‐	  Role	  of	  mechanical	  sSffness,	  VDW	  
forces,	  thermal	  vibraSon,	  etc.	  
	  	  

Tangled	  or	  aligned?	  
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Key	  ques=ons	  for	  understanding	  and	  controlling	  
CVD	  growth	  of	  nanotubes	  and	  nanowires	  

§ What	  determines	  the	  NT/NW	  relaSonship	  with	  the	  catalyst?	  
structure,	  and	  its	  geometry	  (diameter,	  taper)	  and	  chirality?	  

§  Is	  the	  catalyst	  solid	  or	  liquid?	  
§ What	  are	  the	  ideal	  (direct)	  chemical	  precursors?	  	  How	  is	  the	  
precursor	  incorporated	  at	  the	  catalyst?	  

§ How	  does	  the	  size	  distribuSon	  develop/evolve	  due	  to	  the	  
nucleaSon	  and	  growth	  condiSons?	  

§ What	  limits	  catalyst	  lifeSme,	  and	  why	  does	  the	  catalyst	  deacSvate?	  
§ What	  are	  the	  precise	  effects	  of	  oxidizing	  and	  reducing	  agents	  
(someSmes	  impuriSes)	  on:	  
§  the	  catalyst	  size	  and	  structure	  
§  the	  gas-‐phase	  reacSon(s)	  
§  the	  gas-‐catalyst	  reacSon(s)	  
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Inputs	  and	  outputs	  

INPUTS	  
Catalyst	  and	  support:	  
-‐	  Material	  and	  composiSon	  
-‐	  ParScle	  size	  
-‐	  Chemical	  state	  (annealing)	  
-‐	  Surface	  roughness	  

Reac=on	  condi=ons:	  
-‐	  Substrate	  temperature	  
-‐	  Pressure	  
-‐	  Reactant	  composiSon	  
-‐	  Buffer/etchant	  composiSon	  
-‐	  Reactant	  pre-‐treatment	  
-‐	  Supply	  rates	  
-‐	  Flow	  profiles/dynamics	  
-‐	  Time	  and	  temporal	  

adjustment	  
-‐	  Forces	  acSng	  during	  growth	  

OUTPUTS	  
-‐	  Diameter	  and	  structure	  
-‐	  Length,	  growth	  rate,	  lifeSme	  
-‐	  Defect	  density	  
-‐	  ProperSes:	  	  electrical,	  

mechanical,	  thermal,	  
opScal,	  etc…	  
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Simula=ng	  nuclea=on	  

Zhu	  et	  al.,	  Small	  1(12):1180,	  2005.	  

Limita=ons:	  
-‐	  substrate	  (free	  vs.	  supported)	  
-‐	  precursor	  (C	  vs.	  hydrocarbon)	  
-‐	  model	  size	  
-‐	  Sme	  
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Snapshots	  of	  SWNT	  nuclea=on	  

Hofmann	  et	  al.,	  Nano	  LeCers	  7(3):602-‐608,	  2007.	  
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Watching	  nuclea=on	  of	  a	  CNT	  by	  =p	  growth	  

Catalyst	  (Ni)	   CNT	  

Helveg	  et	  al,	  Nature,	  427:426-‐429,	  2004	  
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Nuclea=on	  of	  SiNWs	  by	  phase	  separa=on	  
(liquid	  Au	  catalyst	  in	  Si2H6)	  

Hofmann	  et	  al.,	  Nature	  Materials	  7:372-‐375,	  2008.	  

Video	  S1	  on	  journal	  website	  

§  Rate	  of	  Si	  inclusion	  ∼R2	  
§  Si	  concentraSon	  ∼1/R3	  
§  Thus,	  rate	  of	  supersaturaSon	  ∼1/R	  
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Ledge	  flow	  during	  SiNW	  growth	  from	  Pd	  
catalyst	  (solid	  PdxSi)	  

Hofmann	  et	  al.,	  Nature	  Materials	  7:372-‐375,	  2008.	  

Video	  S4	  on	  journal	  website	  
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Is	  the	  catalyst	  solid	  or	  liquid?	  

Moisala	  et	  al.,	  J.	  Phys.	  Cond.	  MaC.	  15:S3011,	  2003.	  

Surface	  
diffusion	  

Bulk	  
diffusion	  

Growth	  
temp:	  
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Catalyst	  can	  be	  solid	  (VSS)	  or	  liquid	  (VLS),	  
but	  VLS	  growth	  is	  much	  faster	  

Liquid,	  
340oC	  

Solid	  
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Verifica=on	  that	  the	  catalyst	  can	  be	  solid	  
during	  growth	  

Persson	  et	  al.,	  Nature	  Materials	  3:677,	  2004.	  
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What	  elements	  are	  CNT	  growth	  catalysts?	  
SWNTs	  
MWNTs	  
As	  primary	  part	  of	  a	  two-‐component	  catalyst,	  SWNTs	  

Compiled	  from	  many	  sources	  with	  input	  from	  Stephen	  Steiner;	  updated	  March	  2009.	  

Oxide	  
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Catalyst	  deposi=on	  on	  a	  substrate:	  	  
dip-‐coa=ng	  or	  annealing	  a	  thin-‐film	  

Li	  et	  al.,	  J.	  Phys.	  Chem.	  B	  105(46):11424-‐31,	  2001	  

Deposit	  a	  thin	  film	  

Si

Fe (1 nm)
Al2O3 (10 nm)

Anneal	  to	  form	  par=cles	  
2	  min.	  H2	  

500	  nm	  
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CNT	  diameter	  control	  by	  size	  of	  
nanopar=cles	  made	  by	  chemical	  methods	  

Cheung	  et	  al,	  JPCB	  106:2429-‐33,	  2002.	  
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Size-‐driven	  structure	  transi=ons	  

Wang	  et	  al.,	  Journal	  of	  Applied	  Physics	  98:014312,	  2005.	  
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CoMoCat	  process	  

Resasco	  et	  al.,	  University	  of	  Oklahoma	  

CNT	  diameter	  
increases	  with	  
reacSon	  
temperature	  
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CNT	  diameter	  control	  by	  carbon	  supply	  rate	  

Lu	  and	  Liu,	  Journal	  of	  Physical	  Chemistry	  B	  110:20254-‐7,	  2006.	  

14400	  ppm	  C2H6	  1600	  ppm	  C2H6	  140	  ppm	  C2H6	  
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Limi=ng	  cases	  of	  carbon	  deposi=on	  

Seidel	  et	  al.,	  Journal	  of	  Physical	  Chemistry	  B,	  108:1888	  2004.	  

à	  graphene	  
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Gas-‐phase	  reac=ons	  

1à2à4:	  AdsorpSon	  of	  hydrocarbon,	  dissociaSon	  of	  carbon,	   	  
	   	  incorporaSon	  to	  filament	  	  

	  

1à2à5:	  AdsorpSon,	  dissociaSon,	  encapsulaSon	  
	  

6à7à8:	  Gas-‐phase	  polymerizaSon,	  encapsulaSon	  	  
	  

Effects	  of	  O2	  and	  H2	  are	  also	  important	  
	  



	  C2H4/H2	  forms	  a	  polydisperse	  ambient	  

Quartz tube
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AMUà	  

H2	   He	   CH4	   H2O	   ethylene	  
C2H4	  

vinyl-‐
acetylene	  

C3H4	  

1,3-‐butadiene	  
C4H6	  

ethane	  
C2H6	  

propyne	  
C3H4	  *Normalized	  to	  C2H4	  signal	  	  

Plata,	  Hart,	  Reddy,	  Gschwend.	  Environmental	  Science	  and	  Technology,	  2009.	  
Meshot,	  Plata,	  Tawfick,	  Zhang,	  Verploegen,	  Hart.	  ACS	  Nano,	  2009.	  



Plata,	  Hart,	  Reddy,	  Gschwend.	  Environmental	  Science	  and	  Technology,	  2009.	  
Meshot,	  Plata,	  Tawfick,	  Zhang,	  Verploegen,	  Hart.	  ACS	  Nano,	  2009.	  
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CNT	  films:	  tangled	  vs.	  aligned	  

(1)	  Mo/Fe/Al2O3	  in	  CH4/H2,	  875	  oC	  

(2)	  Fe/Al2O3	  in	  C2H4/H2,	  750	  oC	  

~1
 m

m
~1

 m
m

0.2	  mm	  

1	  mm	  

Fewer	  acSve	  catalyst	  parScles	  
Low	  acSvity	  carbon	  source	  

More	  acSve	  catalyst	  parScles	  
High	  acSvity	  carbon	  source	  

*SWNT	  selec2vity	  
Mo	  mediates	  

CH4	  decomposi=on	  to	  give	  
SWNTs	  

Hart,	  Slocum,	  Royer,	  Carbon	  44:348-‐59,	  2006.	  

Si

Mo (3 nm)
Fe (1.5 nm)

Al2O3 (20 nm)

Si

Fe (1 nm)
Al2O3 (10 nm)
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Physically	  making	  ∼2	  nm	  nanopar=cles:	  	  
e-‐beam	  lithography	  and	  angled	  deposi=on	  

Or	  just	  e-‐beam	  lithography	  to	  achieve	  	  
∼20-‐200	  nm	  dots	  and	  lines	  

Javey	  et	  al.,	  JACS	  127:11942,	  2005.	  
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Isolated	  CNTs:	  bridging	  

Jungen	  et	  al.,	  J.	  Micromech	  Microeng.,	  17:603-‐608,	  2007.	  
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Controlling	  film	  morphology	  by	  varying	  
catalyst	  par=cle	  number	  density	  

Morphology	  control:	  BenneA,	  Hart,	  Cohen,	  Advanced	  Materials	  18:2274-‐9,	  2006.	  
Micro-‐contact	  prinSng:	  BenneA,	  Hart,	  et	  al.,	  Langmuir	  22:8273-‐8276,	  2006.	  	  

Q:	  What	  is	  the	  cri=cal	  catalyst	  density	  for	  ver=cally	  aligned	  growth?	  

Before	  	  
Growth	  
	  
Par=cle	  
diameter	  
16±2	  nm	  
	  

Aoer	  
Growth	  
	  
CNT	  
diameter	  
12±2	  nm,	  
8	  walls	  

200	  nm	   200	  nm	   200	  nm	  

6109	  par=cles/cm2	   2.51010	  par=cles/cm2	   61010	  par=cles/cm2	  

100	  µm	  40	  µm	  20	  µm	  

Top	  view	   Top	  view	   Top	  view	  

Top	  view	   Oblique	  view	   Side	  view	  

but	  only	  ≈5%	  ac=vity!	  



©2010	  |	  A.J.	  Hart	  |	  58	  

1	  µm

	  CNT	  growth	  on	  microstructures	  and	  
microstructures	  made	  of	  CNTs	  

Hart,	  Slocum,	  et	  al.,	  Carbon	  44:348-‐59,	  2006;	  Nanotechnology	  17:1397-‐1403,	  2006;	  	  
	  J.	  Phys.	  Chem.	  B	  110:8250-‐7,	  2006;	  Nano	  LeCers	  6:1254-‐60,	  2006.	  

1	  µm

DRIE-etched post
KOH-etched pyramid

{111}

0.5	  mm	  

Catalyst 
substrate 

Template

Mechanical pressure

CNT growth
fills cavities

“Grow-molded”
CNT structures
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59	  

Loss	  of	  self-‐stability	  Sharp	  corner	  

5	  µm	  

25	  µm	  

CNT	  forest	  microstructures	  
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3D	  substrates:	  growth	  on	  woven	  microfibers	  

20	  µm	  

Before	  

Aoer	  

≈100	  mm	  

On	  alumina/glass	  fiber	  hose	  

Aligned	  CNTs	  

Fiber	  

Yamamoto,	  Hart,	  et	  al.,	  Carbon	  47(3):551-‐560,	  2009.	  	  

100	  µm	  20	  µm	  10	  µm	  

CNTs	  
CNTs	  

	  Fiber	  

CNTs	  
Fibers	  
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Ver=cal	  nanowire	  arrays	  

Hochbaum	  et	  al.,	  Nano	  LeCers	  5(3):457,	  2005.	  
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Ver=cal	  nanowire	  arrays	  

Hochbaum	  et	  al.,	  Nano	  LeCers	  5(3):457,	  2005.	  



©2010	  |	  A.J.	  Hart	  |	  63	  

Catalyst	  ripening	  (size	  broadening)	  causes	  
NW	  diameters	  to	  change	  during	  growth	  

Kodambaka	  	  et	  al.,	  Proc.	  of	  SPIE	  Vol.	  7224	  72240C-‐1,	  2009.	  	  
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Oxygen	  can	  be	  used	  to	  stop	  the	  Au	  catalyst	  
from	  shrinking	  

Kodambaka	  	  et	  al.,	  Nano	  LeCers	  6(6):1292-‐1296,	  2006	  

Oxygen	  passivates	  
the	  Si	  surface	  (no	  Au	  
migraSon),	  so	  
catalyst	  stops	  
shrinking!	  
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Material	  can	  also	  be	  supplied	  by	  surface	  
diffusion	  on	  the	  substrate	  

Borgstrom	  et	  al.,	  Nature	  Nanotechnology	  2:541,	  2007.	  



©2010	  |	  A.J.	  Hart	  |	  66	  

Catalyst	  density	  affects	  kine=cs	  by	  
compe==on	  for	  precursor	  supply	  (GaNWs)	  

Borgstrom	  et	  al.,	  Nature	  Nanotechnology	  2:541,	  2007.	  

1.	  Materials	  
compeSSon	  

2.	  SynergeSc	  

3.	  Independent	  
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CNT	  film	  growth:	  limi=ng	  steps	  are	  C2H2	  
dissocia=on	  then	  diffusion	  in	  the	  catalyst	  

Wirth	  et	  al.,	  ACS	  Nano	  3(11):3560-‐3566,	  2009.	  

Rate	  ∼Pressure0.6	  	  
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Apparent	  ac=va=on	  energies	  at	  different	  
pressures	  are	  the	  same	  (≈0.95	  eV)	  

Wirth	  et	  al.,	  ACS	  Nano	  3(11):3560-‐3566,	  2009.	  

Arrhenius	  equaSon	  
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Is	  diffusion	  by	  surface	  or	  bulk?	  

C2H2	  dissociaSon	  

C	  surface	  diffusion	  

Hofmann	  et	  al.,	  Physical	  Review	  LeCers,	  95(3):036101	  2005.	  

Arrhenius	  equaSon	  
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Catalyst	  ripening	  and	  migra=on	  during	  CNT	  
film	  growth	  

Kim	  et	  al.,	  JPC	  LeCers	  (in	  press),	  2010.	  
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Graphene	  growth	  and	  transfer	  prin=ng	  

Kim	  et	  al.,	  Nature	  457:706-‐710,	  2009.	  
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Graphene	  growth	  mechanisms	  

Li	  et	  al.,	  Nano	  LeCers	  9(12):4268-‐4272,	  2009.	  
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Summary:	  key	  process	  condi=ons	  and	  trends	  
Key	  variables	  for	  CVD	  growth:	  
§  Reactant	  composiSon,	  supply	  rate,	  temperature,	  

pressure,	  catalyst	  composiSon,	  parScle	  size,	  substrate	  
	  
Three	  important	  stages:	  	  
§  Prepare	  catalyst	  
§  Nucleate	  
§  Grow	  

Trends:	  	  
↑	  Catalyst	  size	  =	  ↑	  CNT	  diameter	  
↑	  Temperature	  =	  ↑	  CNT	  diameter	  
↑	  Carbon	  feed	  =	  ↑	  CNT	  diameter	  
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CVD	  growth	  systems	  
Horizontal	  tube,	  fixed	  catalyst	  

Ver=cal	  tube,	  floa=ng	  catalyst	  

Ver=cal	  tube,	  fluidized	  bed	  

Plasma-‐enhanced	  

Teo,	  2003.	  

Precursor	  can	  be	  	  
-‐ 	  Gas	  (e.g.,	  pressurized	  tank)	  
-‐ 	  Liquid	  (e.g.,	  spray,	  evaporate)	  
-‐ 	  Solid	  (evaporate	  or	  sublime)	  
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Reactor	  design:	  fluidized	  bed	  

See	  et	  al.,	  Ind.	  Eng.	  Chem.	  Res.	  46:997,	  2007.	  
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Fluidized	  bed	  reactor:	  30	  kg/h	  MWNTs	  =	  265	  tons/yr	  @24-‐7	  
(F.	  Wei,	  Tsinghua	  Univ)	  	  

Large	  fluidized	  bed	  reactor	  
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Worldwide	  MWNT	  produc=on	  
(2006	  es=mate)	  

hAp://wtec.org/cnm	  	  

MWNT	  total	  ≈	  270	  tons/yr	  
SWNT	  total	  <10	  tons/yr	  
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Large	  scale	  CNT	  manufacturing	  process:	  
growth,	  annealing,	  mixing	  

Nano	  Carbon	  Technologies	  (NCT),	  Japan	  

Reactor Raw 
Material 

No.1 High 
Temperature 

Furnace 

No.2 High 
Temperature 

Furnace 

Carrier Gas 

Products 

Master-batch 
Production 

Base Resin 

Aoer	  “Endo”	  process	  (beginning	  ∼1986)	  
Ø FloaSng	  catalyst	  CVD	  
Ø Followed	  by	  two	  stages	  of	  high	  temperature	  treatment	  
Ø Now	  >	  300	  tons/yr	  
Ø High	  purity:	  99.5	  wt%	  as	  carbon	  
Ø CNT	  diameter	  40-‐90	  nm	  
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Healing	  defects	  by	  high-‐temperature	  
annealing	  

Nano	  Carbon	  Technologies	  (NCT),	  Japan	  
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Economics	  of	  bulk	  CNT	  produc=on	  

R.	  Blackmon,	  Harper	  InternaSonal	  
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CVD	  by	  plasmon	  resonance	  hea=ng	  

Cao	  et	  al.,	  Nano	  LeC.,	  2007	  (ASAP).	  

Ge	  (Au	  catalyst)	  

Si	  (Ni	  catalyst)	  

CNT	  (Ni	  catalyst)	  


