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  Announcements	
  
§ Project	
  meeHngs	
  Thursday,	
  please	
  sign	
  up	
  
§ Project	
  presentaHons	
  next	
  M,	
  6-­‐9pm,	
  165	
  CC	
  
§ Project	
  reports	
  due	
  Tues	
  (Apr/20)	
  5pm;	
  may	
  be	
  submiCed	
  
as	
  late	
  as	
  Fri	
  (Apr/23)	
  without	
  penalty	
  

§ GCC	
  review	
  late	
  next	
  week?	
  



Order	
  =	
  quality,	
  purity,	
  alignment	
  
Quan7ty	
  =	
  #/volume	
  

Images	
  from	
  many	
  sources	
  including	
  Nanocomp,	
  Dai,	
  Kim,	
  Rinzler	
  groups	
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Quan7ty	
  [#/vol]	
  

O
rd
er
	
  

lo
w
	
  

hi
gh
	
  

few	
   many	
  

forest	
  (aligned)	
  	
  

film	
  (tangled)	
  

dispersion	
  

individual	
  

1 µm

yarn/sheet	
  



©2010	
  |	
  A.J.	
  Hart	
  |	
  4	
  



©2010	
  |	
  A.J.	
  Hart	
  |	
  5	
  

Today’s	
  agenda	
  
§ Nanostructure	
  networks:	
  concepts	
  and	
  dominant	
  behavior	
  
§ Electrical	
  transport:	
  percolaHon	
  theory	
  
§ Thermal	
  transport	
  in	
  networks	
  
§ Mechanical	
  properHes	
  of	
  networks	
  
§ Methods	
  of	
  joining	
  nanostructures	
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Today’s	
  readings	
  
OPTIONAL:	
  (ctools)	
  
Electrical	
  
§ Balberg,	
  “CriHcal	
  behavior	
  of	
  the	
  two-­‐dimensional	
  sHcks	
  system”	
  
§ Kumar	
  et	
  al.,	
  “PercolaHng	
  conducHon	
  in	
  finite	
  nanotube	
  networks”	
  
Thermal	
  
§ Prasher	
  et	
  al.,	
  “Turning	
  carbon	
  nanotubes	
  from	
  excepHonal	
  heat	
  
conductors	
  into	
  insulators”	
  

Mechanical	
  
§ Berhan	
  et	
  al.,	
  “Mechanical	
  properHs	
  of	
  nanotube	
  sheets”	
  
§ Koziol	
  et	
  al.,	
  “High	
  performance	
  carbon	
  nanotube	
  fiber”	
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Today’s	
  readings	
  
OPTIONAL:	
  (ctools)	
  
Joining	
  
§ Krasheninnikov	
  and	
  Barnhart,	
  “Engineering	
  of	
  nanostructured	
  
carbon	
  materials	
  with	
  electron	
  or	
  ion	
  beams”	
  

§ Manzo	
  et	
  al.,	
  “HeterojuncHons	
  between	
  metals	
  and	
  carbon	
  
nanotubes	
  as	
  ulHmate	
  nanocontacts”	
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Networks	
  of	
  nanostructures	
  
GOAL:	
  
Achieve	
  properHes	
  of	
  individual	
  nanostructures	
  at	
  large	
  (bulk)	
  scales,	
  
by	
  assembling	
  the	
  structures	
  into	
  a	
  2D	
  or	
  3D	
  network	
  
AND/OR	
  
achieve	
  combined	
  properHes	
  of	
  different	
  types	
  of	
  nanostructures	
  
and	
  host	
  materials	
  by	
  making	
  a	
  network	
  

Prac7cally,	
  network	
  performance	
  is	
  dominated	
  by:	
  
§ Network	
  architecture	
  and	
  morphology	
  (alignment	
  and	
  
interconnecHon)	
  

§ Geometry	
  (shape)	
  of	
  the	
  individual	
  nanostructures	
  
§  Intrinsic	
  properHes	
  of	
  the	
  individual	
  nanostructures	
  (e.g.,	
  defect	
  
density)	
  

§  Structure-­‐structure	
  interac7ons	
  (contact	
  resistance)	
  
§  Structure-­‐matrix	
  interacHons	
  (funcHonalizaHon,	
  bonding)	
  
à	
  the	
  complexity	
  of	
  a	
  network	
  also	
  complicates	
  characteriza<on	
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Applica7ons	
  of	
  nanostructure	
  networks	
  
§ ConducHve	
  plasHcs	
  for	
  electrostaHc	
  discharge/shielding	
  	
  
§  vehicle	
  interiors	
  
§  E/M	
  shielding	
  

§ Thin-­‐film	
  electronics	
  
§  memory	
  
§  flexible	
  transistors	
  
§  transparent	
  conducHng	
  films	
  

§  Strain	
  sensors	
  and	
  chemical	
  sensors	
  (resisHve	
  or	
  capaciHve)	
  

§ Energy	
  conversion	
  and	
  storage	
  devices	
  
§  baCery	
  and	
  fuel	
  cell	
  electrodes	
  
§  catalyst	
  supports	
  

§ Electrical/mechanical/thermal	
  interfaces	
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Electrical	
  proper7es	
  of	
  networks	
  
PercolaHon	
  at	
  low	
  loadings	
  gives	
  large	
  increase	
  in	
  electrical	
  
conducHvity	
  
§  Typically	
  0.1-­‐1%	
  percolaHon	
  threshold	
  for	
  high-­‐aspect-­‐raHo	
  
structures	
  

§  Large	
  conducHvity	
  difference	
  between	
  filler	
  and	
  matrix,	
  
meaning	
  electron	
  transport	
  is	
  almost	
  enHrely	
  through	
  the	
  
filler,	
  e.g.,	
  >1011	
  conducHvity	
  raHo	
  for	
  CNTs/polymer	
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Thermal	
  proper7es	
  of	
  networks	
  
§ No	
  sharp	
  transiHon	
  at	
  percolaHon	
  
§  Phonon	
  scaCering	
  at	
  structure-­‐structure	
  contacts	
  
dominate	
  thermal	
  transport	
  

§  Structure-­‐matrix	
  interacHons	
  can	
  also	
  significantly	
  affect	
  
conducHvity	
  by	
  phonon	
  scaCering	
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Mechanical	
  proper7es	
  of	
  networks	
  
§  Largely	
  follow	
  a	
  linear	
  rule	
  of	
  mixtures	
  
§  SHffness	
  can	
  scale	
  to	
  near-­‐theoreHcal	
  values	
  
§  Strength	
  governed	
  by	
  defect	
  isolaHon	
  and	
  propagaHon	
  
§ Overlap/joining	
  between	
  structures	
  (shear	
  strength)	
  vital	
  
for	
  load	
  transfer,	
  especially	
  between	
  strong	
  structures	
  
and	
  a	
  weak	
  matrix	
  

§ Alignment	
  (waviness)	
  is	
  criHcal	
  
§  Joint	
  morphology	
  is	
  criHcal	
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What	
  types	
  of	
  joints	
  are	
  in	
  this	
  network?	
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Joints:	
  an	
  intrinsic	
  a\ribute	
  of	
  a	
  network	
  

Entangled	
  
(VDW	
  contact)	
  

	
  
	
  
	
  
	
  

Welded	
  
(irradiated)	
  

	
  

Branched	
  
(as-­‐grown)	
  
	
  
	
  
	
  
	
  
“Soldered”	
  
(deposited)	
  

Interface	
  
region	
  

Berhan	
  et	
  al.,	
  J.	
  App.	
  Phys.	
  95(8):4335,	
  2004.	
  

Coated	
  
(e.g.,	
  metal	
  or	
  

polymer)	
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Types	
  of	
  contact	
  
Non-­‐bonding:	
  van	
  der	
  Waals	
  adhesion	
  
§  contact	
  
§  thin	
  interlayer	
  (e.g,	
  polymer,	
  funcHonal	
  group)	
  

	
  
Bonding:	
  covalent	
  linkages	
  
§ 	
  contact	
  
§ 	
  thin	
  interlayer	
  (e.g.,	
  polymer,	
  funcHonal	
  group)	
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Relevant	
  separa7on	
  distances	
  
Electrical:	
  0	
  to	
  ∼10	
  nm	
  
§  tunneling	
  

Thermal:	
  0	
  to	
  ∼1	
  nm	
  
§ phonon	
  propagaHon	
  

Mechanical:	
  contact	
  only	
  
§ direct	
  load	
  transmission	
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Network	
  deposi7on	
  methods	
  
§ 	
  Direct	
  growth	
  (e.g.,	
  CVD)	
  on	
  a	
  substrate	
  
	
  	
  
§ Dispersion	
  (and	
  purificaHon,	
  separaHon)	
  then	
  deposiHon	
  on	
  a	
  
substrate	
  by,	
  e.g.,	
  	
  
§  Spin-­‐coaHng	
  	
  
§ Dip-­‐coaHng	
  
§ Vacuum	
  filtraHon	
  
§  ElectrophoreHc	
  deposiHon	
  
§  Transfer	
  (e.g.,	
  contact	
  prinHng)	
  
§  Bulk	
  mixing	
  (e.g.,	
  polymer	
  composites)	
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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	
  acHve	
  catalyst	
  parHcles	
  
Low	
  acHvity	
  carbon	
  source	
  

More	
  acHve	
  catalyst	
  parHcles	
  
High	
  acHvity	
  carbon	
  source	
  

*SWNT	
  selec+vity	
  
Mo	
  mediates	
  

CH4	
  decomposi7on	
  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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Vacuum	
  filtra7on	
  

A.	
  Rinzler	
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Vacuum-­‐filtered	
  CNT	
  films	
  at	
  different	
  
densi7es	
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  hCp://www.nantero.com	
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Anisotropic	
  networks	
  
SWNTs	
  (transfer	
  printed)	
  

Ag	
  NWs	
  (Langmuir-­‐Blodge\	
  method)	
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Configura7on	
  ma\ers	
  

J.	
  Fisher,	
  NT06	
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Geometry	
  determines	
  transport	
  pathway(s)	
  
(electrons,	
  phonons,	
  forces)	
  

Square	
  laice	
  

SHck	
  count	
  à	
  density;	
  1D	
  concept	
  introduces	
  cluster	
  size	
  
J.	
  Fisher,	
  NT06	
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  Jesse	
  et	
  al.,	
  Appl	
  Phys	
  LeB	
  89:013114,	
  2006.	
  

Imaging	
  network	
  connec7vity	
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Percola7on	
  threshold	
  
The	
  density	
  (volume	
  frac7on)	
  of	
  filler	
  above	
  which	
  there	
  is	
  
a	
  con7nuous	
  path	
  across	
  a	
  material	
  
§ Typically	
  0.1-­‐1%	
  for	
  “long”	
  (fiber/wire)	
  conductors	
  
§ Typically	
  1-­‐10%	
  for	
  agglomerates/disk	
  

Percola+on	
  is	
  a	
  random	
  process…	
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Percola7on	
  is	
  a	
  sudden	
  transi7on!	
  

N.	
  Grossiord	
  et	
  al,	
  TU/Eindhoven.	
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A	
  general	
  network	
  conduc7vity	
  (diffusivity)	
  
model	
  (above	
  percola7on	
  threshold)	
  

For	
  a	
  “perfect”	
  3D	
  network	
  (laice),	
  t	
  =	
  2	
  
	
  
Prac7cally,	
  t	
  varies	
  a	
  lot	
  (t<	
  2)	
  based	
  on	
  
§ Geometry	
  and	
  morphology	
  of	
  conductors	
  (e.g.,	
  CNTs)	
  
§ Electron	
  hopping	
  between	
  conductors	
  (across	
  gaps)	
  
§ Network	
  is	
  oqen	
  locally	
  agglomerated	
  

( )tcρρσσ −= max
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Resistor	
  network	
  model	
  

Balberg	
  et	
  al.,	
  Physical	
  Review	
  LeBers	
  51(18):1605,	
  1983.	
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“Composite”	
  transistor	
  shows	
  size	
  effects	
  
and	
  network	
  effects	
  

§ Narrow	
  =	
  ballisHc	
  
§ Wide	
  =	
  diffusive	
  

§  JuncHon	
  resistances	
  
∼1000’s	
  of	
  ohms	
  
(tunneling,	
  M/M,	
  M/SC)	
  

Kumar	
  et	
  al.,	
  Phys	
  Rev	
  LeB	
  066802,	
  2005.	
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Low	
  CNT	
  density:	
  few	
  CNT-­‐CNT	
  contacts	
  

Kumar	
  et	
  al.,	
  Phys	
  Rev	
  LeB	
  066802,	
  2005.	
  

§ Density	
  is	
  below	
  percolaHon	
  threshold	
  
§ Vary	
  channel	
  length	
  relaHve	
  to	
  mean	
  free	
  path:	
  ballisHc	
  
and	
  diffusive	
  regimes	
  

§  LC	
  =	
  channel	
  length,	
  LS	
  =	
  CNT	
  length	
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High	
  CNT	
  density:	
  many	
  contacts	
  

Kumar	
  et	
  al.,	
  Phys	
  Rev	
  LeB	
  066802,	
  2005.	
  

§  Channel	
  length	
  is	
  much	
  larger	
  
than	
  mean	
  free	
  path	
  for	
  
electron	
  scaCering	
  with	
  
phonons	
  and	
  at	
  tube-­‐tube	
  
contacts	
  

§  Occurs	
  when:	
  
§  Channel	
  is	
  long	
  
§  Channel	
  is	
  short	
  and	
  
density	
  far	
  exceeds	
  
percolaHon	
  threshold	
  

§  ConducHon	
  strongly	
  depends	
  
on	
  tube-­‐tube	
  contact	
  
resistance	
  

§  I-­‐V	
  characterisHcs	
  
(conductance	
  exponent)	
  
depend	
  on	
  LC	
  

Ohmic limit 
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Percola7on	
  in	
  metal	
  nanowire	
  films	
  

Gelves	
  et	
  al.,	
  Advanced	
  Func<onal	
  Materials	
  16:2423-­‐30,	
  2006.	
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Percola7on	
  in	
  nanopar7cle	
  films	
  

Wakabayashi	
  et	
  al.,	
  Langmuir	
  22:9260-­‐9263,	
  2006.	
  

AnHmony-­‐doped	
  
Hn	
  oxide	
  (ATO)	
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Surfactant	
  

Legend:	
  	
  

Nanotube	
  

Latex	
  
parHcle	
  



©2010	
  |	
  A.J.	
  Hart	
  |	
  36	
  

2 µm 

	
  CNT/PS	
  film	
  

N.	
  Grossiord	
  et	
  al.	
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MWCNT/PS	
  composites	
  
§ 	
  Disperse	
  CNTs	
  in	
  SDS	
  surfactant	
  
§ 	
  Mix	
  with	
  PS;	
  emulsion	
  polymerizaHon	
  

Bounds	
  
§ 	
  Individual	
  CNT	
  	
  
=	
  105-­‐108	
  S/m	
  	
  	
  
(MWàSW)	
  
§ 	
  Buckypaper	
  
(about	
  50%	
  CNTs)	
  	
  
=	
  104-­‐105	
  S/m	
  
§ 	
  Typical	
  composite	
  
(1	
  wt%	
  CNTs)	
  	
  
=	
  100-­‐103	
  S/m	
  

N.	
  Grossiord	
  et	
  al,	
  TU/Eindhoven.	
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Performance	
  relates	
  to	
  CNT	
  quality	
  

N.	
  Grossiord	
  et	
  al,	
  TU/Eindhoven.	
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Thin	
  CNT	
  networks	
  are	
  also	
  transparent	
  

A.	
  Rinzler.	
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Reverse	
  percola7on	
  strain	
  sensors	
  

M.	
  Park	
  et	
  al.	
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Reverse	
  percola7on	
  strain	
  sensors	
  

M.	
  Park	
  et	
  al.	
  

What	
  is	
  the	
  mechanism	
  of	
  resistance	
  increase	
  in	
  each	
  region?	
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Electrical	
  proper7es	
  of	
  CNT	
  assemblies:	
  real	
  
vs.	
  ideal	
  values	
  

i w

h

0 0.2 0.4 0.6 0.8 110
-4

10
-3

10
-1

10
0

Packing fraction

C
on

du
ct

iv
ity

 [
-c

m
-1 ]
SWNTs, OD = 1 nm
MWNTs, OD = 10 nm
MWNTs, OD = 100 nm

 w = 100 nm
  Cu: w = 50 nm

  w = 20 nm

SWNTs, OD = 1 nm
MWNTs, OD = 10 nm
MWNTs, OD = 100 nm

Crossover target
40% CNTs = Cu@20nm

Individual CNTs

10
-2

Rolled 
HA-MWNT 
ribbons

VA-MWNT
vias (Fujitsu)

HA-SWNTs on 
quartz (UIUC)

MWNT
(Gu, 2005)
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More	
  applica7ons	
  of	
  percola7on	
  theory	
  
§  Spread	
  of	
  forest	
  fires	
  
§  predicHng	
  rate	
  of	
  forest	
  consumpHon	
  and	
  exHncHon	
  

§ DistribuHon	
  of	
  oil/gas	
  inside	
  porous	
  reservoirs	
  
§  predicHng	
  needed	
  drilling	
  locaHons	
  and	
  reservoir	
  size	
  

§ Polymer	
  and	
  gel	
  materials	
  
§  predicHng	
  kineHcs	
  of	
  polymerizaHon	
  and	
  gelaHon	
  

Peters	
  et	
  al.,	
  PNAS	
  101(42):15130:2004.	
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Thermal	
  proper7es	
  of	
  networks	
  
§ No	
  sharp	
  transiHon	
  at	
  percolaHon	
  
§  Phonon	
  scaCering	
  at	
  structure-­‐structure	
  contacts	
  
dominate	
  thermal	
  transport	
  

§  Structure-­‐matrix	
  interacHons	
  can	
  also	
  significantly	
  affect	
  
conducHvity	
  by	
  phonon	
  scaCering	
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Individual	
  CNTs	
  have	
  excep7onal	
  thermal	
  
conduc7vity	
  

	
  	
  

Phonon	
  mean-­‐free	
  path	
  	
  
at	
  300	
  K	
  

Pop	
  et	
  al.,	
  Nano	
  LeBers	
  6(1):96,	
  2006	
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Thermal	
  contact	
  resistance	
  
	
  macroscopic	
  formula<on	
  

c
c Gq

TAR 1
=

Δ
=	
  “Macroscopic”	
  contact	
  resistance	
  

	
  A	
  =	
  contact	
  area	
  
	
  q	
  =	
  heat	
  flow	
  per	
  unit	
  area	
  
	
  ΔT	
  =	
  temperature	
  change	
  across	
  interface	
  
	
  h	
  =	
  heat	
  transfer	
  coefficient	
  
	
  	
  

A
G

AR
h c

c

==
1

Lienhard.	
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Case	
  study:	
  CNT-­‐CNT	
  thermal	
  contact	
  (see	
  extra	
  
slides	
  for	
  more	
  details)	
  

	
  At	
  the	
  boundary	
  

Zhong	
  and	
  Lukes,	
  Phys	
  Rev	
  B	
  74:125403,	
  2006.	
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Thermal	
  contact	
  resistance	
  
	
  molecular	
  formula<on	
  

	
  Lennard-­‐Jones	
  poten7al	
  

repulsive	
  -­‐	
  a\rac7ve	
  

⎥
⎥
⎦

⎤

⎢
⎢
⎣

⎡
⎟
⎠

⎞
⎜
⎝

⎛−⎟
⎠

⎞
⎜
⎝

⎛=
612

4)(
rr

zU σσ
ε

Heat	
  is	
  transferred	
  by	
  atomic	
  
vibraHons	
  at	
  the	
  interface;	
  VDW	
  
interacHons	
  transfer	
  vibraHons	
  
across	
  a	
  small	
  gap	
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  Thermal	
  conduc7vity	
  of	
  a	
  CNT	
  mat	
  
	
  Heat	
  suspended	
  film	
  by	
  IR	
  and	
  measure	
  resistance	
  versus	
  

	
  temperature	
  
Calibrate	
  absorbed	
  power	
  from	
  absorpHon	
  spectroscopy	
  

	
  measurement	
  at	
  applied	
  IR	
  wavelength	
  (940	
  nm)	
  

Itkis	
  et	
  al.,	
  Nano	
  LeBers	
  7(4):900-­‐904,	
  2007.	
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à	
  Composites	
  show	
  a	
  lower	
  thermal	
  conducHvity	
  (polymer	
  layer	
  is	
  
addiHonal	
  thermal	
  barrier)	
  

Itkis	
  et	
  al.,	
  Nano	
  LeBers	
  7(4):900-­‐904,	
  2007.	
  

Lorentz	
  number:	
  
RelaHve	
  role	
  of	
  phononic	
  
versus	
  electronic	
  heat	
  
conducHon	
  
	
  
	
  
	
  
	
  
Le	
  =	
  for	
  metal	
  

T
kL
σ

=

AP-­‐	
  =	
  as-­‐prepared	
  
P-­‐	
  =	
  purified	
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Measuring	
  thermal	
  conduc7vity	
  of	
  a	
  packed	
  
bed	
  (ASTM	
  standard)	
  

Top	
  rod:	
  resisHvely	
  heated	
  
	
  
Bo\om	
  rod:	
  water-­‐cooled	
  
	
  
Stainless	
  steel	
  rods	
  give	
  a	
  
measurable	
  temperature	
  
drop	
  across	
  the	
  series	
  of	
  
mounted	
  TCs	
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Can	
  we	
  have	
  “too	
  much”	
  contact?	
  

Prasher	
  et	
  al.,	
  Physical	
  Review	
  LeBers	
  102:105901,	
  2009.	
  

10X	
  lower	
  than	
  for	
  a	
  3D	
  
network	
  using	
  previously	
  
measured	
  CNT-­‐CNT	
  thermal	
  
contact	
  resistance	
  –why?	
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Effect	
  of	
  two	
  junc7ons	
  separated	
  by	
  less	
  	
  
than	
  the	
  phonon	
  mean	
  free	
  path	
  

Prasher	
  et	
  al.,	
  Physical	
  Review	
  LeBers	
  102:105901,	
  2009.	
  

Applica7on	
  of	
  tuning	
  
junc7on	
  behavior:	
  
thermoelectrics	
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Mechanical	
  proper7es	
  of	
  networks	
  
§  Largely	
  follow	
  a	
  linear	
  rule	
  of	
  mixtures	
  
§  SHffness	
  can	
  scale	
  to	
  near-­‐theoreHcal	
  values	
  
§  Strength	
  governed	
  by	
  defect	
  isolaHon	
  and	
  propagaHon	
  
§ Overlap/joining	
  between	
  structures	
  (shear	
  strength)	
  vital	
  
for	
  load	
  transfer,	
  especially	
  between	
  strong	
  structures	
  
and	
  a	
  weak	
  matrix	
  

§ Alignment	
  (waviness)	
  is	
  criHcal	
  
§  Joint	
  morphology	
  is	
  criHcal	
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  Paper:	
  a	
  mechanical	
  	
  network	
  

56	
  hCp://aic.stanford.edu/sg/bpg/annual/v15/bp15-­‐17.html	
  
Cox	
  et	
  al.,	
  BriHsh	
  J.	
  Appl.	
  Phys	
  3:72	
  1952.	
  

X	
  =	
  fiber	
  fracHon	
  along	
  x	
  
	
  

Y	
  =	
  fiber	
  fracHon	
  along	
  y	
  
	
  

Z	
  =	
  (1	
  -­‐	
  X	
  -­‐	
  Y),	
  equally	
  along	
  x	
  	
  
	
  and	
  y	
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Mechanical	
  network	
  model:	
  
randomly	
  placed	
  beams	
  

Berhan	
  et	
  al.,	
  J.	
  App.	
  Phys.	
  95(8):4335,	
  2004.	
  

-­‐ Determine	
  geometry	
  using	
   	
  SEM/
TEM	
  

	
  
-­‐ Randomly	
  lay	
  beams	
  
-­‐ Trim	
  unit	
  area	
  
-­‐ Trim	
  unconnected	
  segments	
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  Mechanical	
  model	
  of	
  a	
  network	
  
Key	
  parameters	
  (derived	
  from	
  distribu7on	
  models):	
  
	
  

-­‐ 	
  Total	
  number	
  of	
  crossings	
  per	
  area	
  
	
  
	
  
	
  
-­‐ 	
  Number	
  of	
  crossings	
  per	
  fiber	
  

-­‐ 	
  Mean	
  fiber	
  length	
  between	
  crossings	
  

Berhan	
  et	
  al.,	
  J.	
  App.	
  Phys.	
  95(8):4335,	
  2004.	
  

( )
πA
LN

N ff
c

2

=

à	
  Must	
  also	
  consider	
  fiber	
  width	
  

f

c

N
Nc 2

=

c
L

L f
s =
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  Berhan	
  et	
  al.,	
  J.	
  App.	
  Phys.	
  95(8):4335,	
  2004.	
  

	
  An	
  exemplary	
  joint	
  model	
  

Beam+spring	
  model	
  

Efillet	
  
Rfillet	
  

1

1

KLEI
KLK
+

=

Rigidity	
  parameter	
  



Tensile	
  proper7es	
  of	
  CNT	
  forests	
  

Hill,	
  Havel,	
  Hart,	
  Livermore.	
  J.	
  Micromech.	
  Microeng.	
  19:094015,	
  2009;	
  in	
  press,	
  2010.	
  

1	
  N/tex	
  =	
  1	
  GPa/[g/cm3]	
  



Mechanical	
  proper7es	
  of	
  CNT	
  yarns	
  

Koziol	
  et	
  al.,	
  Science	
  318:1892-­‐1895,	
  2007.	
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Mechanical	
  proper7es	
  of	
  CNT	
  assemblies:	
  
real	
  vs.	
  ideal	
  values	
  

FF

Sp
ec

ifi
c 

m
od

ul
us

, E
/r

 [T
pa

/(k
g/

m
3 )]

10
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10
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Specific strength, s /r  [Gpa/(kg/m3)]

Foams
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Polymers

Al alloys
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Advanced 
fibers

Current 
CNT fibers
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  How	
  to	
  join	
  structures	
  individually?	
  
à	
  Process	
  using	
  electron/ion	
  beams	
  

	
  	
  

A.	
  Krasheninnikov	
  et	
  al.	
  

Advantages:	
  
§  Small	
  (variable)	
  spot	
  size	
  
§  	
  Rapid	
  scanning	
  (vs.	
  probe	
  techniques)	
  

But	
  possible	
  damage	
  mechanisms	
  –remember,	
  we	
  are	
  impinging	
  
upon	
  nuclei	
  and	
  electrons	
  
§ 	
  Knock-­‐on	
  displacements	
  (conductors)	
  –ion	
  beam	
  displaces	
  atom	
  
§ 	
  Bond	
  breakage	
  (insulators)	
  

à 	
  Balance	
  between	
  damage	
  generaHon	
  and	
  healing	
  depends	
  on	
  
beam	
  energy	
  and	
  temperature;	
  must	
  exceed	
  threshold	
  energy	
  for	
  
desired	
  atom	
  displacement	
  
à	
  See	
  also:	
  radiaHon	
  damage,	
  ion	
  implantaHon,	
  doping	
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  Electron-­‐beam	
  induced	
  damage	
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  Defect	
  genera7on	
  and	
  healing	
  
Threshold	
  energy	
  (room	
  temp	
  ≈	
  0.03	
  eV):	
  
sp2	
  carbon	
  (graphene/CNT)	
  =	
  15-­‐20	
  eV	
  
sp3	
  carbon	
  (diamond)	
  =	
  30-­‐50	
  eV	
  

Cuing	
  and	
  healing	
  of	
  SWNT	
  bundle	
  ends	
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  Welding	
  of	
  CNTs	
  

Very	
  high	
  local	
  temperatures	
  

“Nanopants”	
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  Welding	
  using	
  dopants:	
  
Boron	
  crosslinks	
  DWNTs	
  

M.	
  Endo	
  et	
  al.,	
  Nano	
  LeBers	
  	
  5(6):1099-­‐1105,	
  2005.	
  

	
  B	
  is	
  an	
  electron	
  acceptor,	
  lowers	
  Fermi	
  level	
  (highest	
  occupied	
  level)	
  
	
  Crosslinking	
  creates	
  C-­‐B-­‐C	
  and	
  BC3	
  bridges	
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  M.	
  Endo	
  et	
  al.,	
  Nano	
  LeBers	
  	
  5(6):1099-­‐1105,	
  2005.	
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  Ma	
  et	
  al.,	
  Nano	
  LeBers	
  7(8):2307-­‐2311,	
  2007.	
  

Aligning	
  networks	
  by	
  stretching	
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Extras	
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2D	
  resistor	
  model	
  used	
  to	
  predict	
  cri7cal	
  
exponent	
  

Balberg	
  et	
  al.,	
  Physical	
  Review	
  LeBers	
  51(18):1605,	
  1983.	
  

§  Place	
  sHcks	
  randomly	
  in	
  2D	
  
field	
  

§  PercolaHon	
  occurs	
  when	
  
both	
  contact	
  electrodes	
  are	
  
in	
  the	
  same	
  cluster	
  

§  Create	
  geometric	
  model	
  and	
  
then	
  reduce	
  lengths	
  to	
  find	
  
threshold	
  length	
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Excluded	
  volume	
  method	
  of	
  calcula7ng	
  the	
  
percola7on	
  threshold	
  

§  Excluded	
  volume:	
  Area	
  that	
  another	
  object	
  cannot	
  enter	
  if	
  
overlapping	
  of	
  objects	
  is	
  avoided	
  

§  “Universal”	
  percolaHon	
  for	
  circles	
  and	
  spheres	
  

…but	
  orientaHon	
  effects	
  must	
  be	
  considered	
  for	
  non-­‐round	
  (high	
  
aspect	
  raHo)	
  objects	
  

constaNc =
constvNc =

What	
  are	
  values	
  for	
  circles	
  
and	
  spheres?	
  

Balberg	
  et	
  al.,	
  Phys	
  Rev	
  B	
  30(7):3933,	
  1984.	
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  Balberg	
  et	
  al.,	
  Phys	
  Rev	
  B	
  30(7):3933,	
  1984.	
  

-­‐	
  Average	
  over	
  angular	
  distribuHon	
  
-­‐	
  If	
  aligned,	
  behave	
  like	
  spheres	
  
-­‐	
  For	
  random	
  orientaHon,	
  	
  

	
   	
   	
   	
  =	
  pi/4 	
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Comparison	
  of	
  excluded	
  volume	
  theory	
  to	
  
experiments	
  

Exfoliated	
  graphite	
  in	
  
polymer	
  matrix;	
  model	
  as	
  
discs;	
  oriented	
  

	
  

Celzard	
  et	
  al.,	
  Phys	
  Rev	
  B	
  53(10):6209	
  1996.	
  

CriHcal	
  concentraHon	
   Maximum	
  angle	
  between	
  disks	
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Carbon	
  fibers	
  (long	
  cylinders)	
  in	
  polymer	
  
matrix	
  

Celzard	
  et	
  al.,	
  Phys	
  Rev	
  B	
  53(10):6209	
  1996.	
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Vacuum-­‐filtered	
  CNT	
  films	
  at	
  different	
  
densi7es	
  

Hu	
  et	
  al.,	
  Nano	
  LeBers	
  4(12);2513,	
  2004.	
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  Hu	
  et	
  al.,	
  Nano	
  LeBers	
  4(12);2513,	
  2004.	
  

Dimensionality	
  and	
  
nature	
  of	
  contacts	
  
within	
  network	
  (M/M  
vs. M/SC	
  à	
  schoCky	
  
barrier)	
  determine	
  how	
  
fast	
  conducHvity	
  
increases	
  with	
  density	
  	
  
	
  
(“criHcal	
  exponent”)	
  
	
  
	
  

Conduc7vity	
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  A.	
  Rinzler.	
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  A.	
  Rinzler.	
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CNT-­‐based	
  memory	
  (Nantero,	
  Inc.)	
  

Rueckes	
  et	
  al,	
  Science	
  289,	
  2000;	
  hCp://www.nantero.com	
  

OFF	
  

ON	
  

The	
  concept	
  (1998)	
  

Reversible	
  electromechanical	
  junc7on	
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Percola7on	
  in	
  dye-­‐sensi7zed	
  solar	
  cells	
  

Benkstein	
  et	
  al.,	
  JPCB	
  107:7759-­‐7767,	
  2003.	
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SimulaHon	
  
SimulaHon	
  vs.	
  experiment	
  

Benkstein	
  et	
  al.,	
  JPCB	
  107:7759-­‐7767,	
  2003.	
  

Percola7on	
  in	
  dye-­‐sensi7zed	
  solar	
  cells	
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  Benkstein	
  et	
  al.,	
  JPCB	
  107:7759-­‐7767,	
  2003.	
  

Percola7on	
  in	
  dye-­‐sensi7zed	
  solar	
  cells	
  
StaHsHcal	
  spread	
  of	
  cluster	
  radii	
  

Df	
  =	
  3	
  for	
  3D	
  network	
  with	
  no	
  fractal	
  
characterisHcs	
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Thermal	
  contact	
  resistance	
  
	
  molecular	
  formula<on	
  

chark
kk =*

	
  Relate	
  interatomic	
  poten7al	
  to	
  thermal	
  contact	
  resistance	
  
	
  k	
  =	
  thermal	
  conducHvity	
  
	
  k*	
  =	
  nondimensional	
  thermal	
  conducHvity	
  
	
  kchar	
  =	
  characterisHc	
  thermal	
  conducHvity	
  
	
  d	
  =	
  separaHon	
  distance	
  

	
  	
  

m
kk b

char
ε

σ 2=

ε
σ m
kk

d
kk
d

k
d

A
R

bcharchar

c
2

* ===

à Now	
  we	
  can	
  generalize	
  results	
  from	
  a	
  molecular	
  dynamics	
  simulaHon	
  
	
  to	
  a	
  conHnuum	
  finite	
  difference	
  model,	
  with	
  varying	
  separaHon	
  
	
  and	
  LJ	
  parameters	
  

o
o

o

RR ⎥
⎦

⎤
⎢
⎣

⎡
=

ε
ε

σ
σ

2

2

Zhong	
  and	
  Lukes,	
  Phys	
  Rev	
  B	
  74:125403,	
  2006.	
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CNT-­‐CNT	
  contact	
  resistance	
  

Loss	
  of	
  contact	
  
gives	
  significant	
  
resistance	
  increase	
  

Zhong	
  and	
  Lukes,	
  Phys	
  Rev	
  B	
  74:125403,	
  2006.	
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Effect	
  of	
  contact	
  length	
  

Zhong	
  and	
  Lukes,	
  Phys	
  Rev	
  B	
  74:125403,	
  2006.	
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Thermal	
  contact	
  resistance	
  dominates	
  over	
  	
  
CNT	
  thermal	
  resistance	
  

Zhong and Lukes, Phys Rev B 74:125403, 2006. 
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  Beyond	
  contact:	
  near-­‐field	
  heat	
  transfer	
  	
  
	
  (between	
  NPs)	
  

FluctuaHng	
  dipoles	
  transfer	
  
heat	
  by	
  electromagneHc	
  
radiaHon	
  and	
  induce	
  
vibraHons	
  

Domingues	
  et	
  al.,	
  Phys	
  Rev	
  LeB	
  94:085901,	
  2005.	
  

Co
m
pa

re
	
  to

	
  
m
ac
ro
sc
op

ic
	
  #
s	
  

à	
  Nanofluids	
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  Berhan	
  et	
  al.,	
  J.	
  App.	
  Phys.	
  95(8):4335,	
  2004.	
  

Segment	
  length	
  decreases	
  as	
  
network	
  “density”	
  increases	
  

Shell	
  models	
  should	
  be	
  used	
  at	
  
smaller	
  aspect	
  raHos	
  

“Waviness”	
  
affects	
  interconnect	
  density	
  

( )xay ωsin=

	
  Mechanical	
  network	
  model	
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  Mechanical	
  s7ffness	
  of	
  CNT	
  mats	
  

Berhan	
  et	
  al.,	
  J.	
  App.	
  Phys.	
  95(8):4335,	
  2004.	
  

à	
  Add	
  polymer	
  to	
  sHffen/
strengthen	
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  3D	
  covalently-­‐bonded	
  networks	
  

Romo-­‐Herrera	
  et	
  al.,	
  Nano	
  LeCers	
  7(3):570-­‐576,	
  2007.	
  

Unit	
  “cell”	
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  Romo-­‐Herrera	
  et	
  al.,	
  Nano	
  LeCers	
  7(3):570-­‐576,	
  2007.	
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  Romo-­‐Herrera	
  et	
  al.,	
  Nano	
  LeCers	
  7(3):570-­‐576,	
  2007.	
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  Romo-­‐Herrera	
  et	
  al.,	
  Nano	
  LeCers	
  7(3):570-­‐576,	
  2007.	
  

	
  Videos	
  
	
  	
  

	
  Joints	
  dominate	
  flexibility	
  
	
  	
  

hCp://pubs.acs.org/subscribe/journals/nalefd/suppinfo/nl0622202/
nl0622202si20060920_063532.mpg	
  	
  

hCp://pubs.acs.org/subscribe/journals/nalefd/suppinfo/nl0622202/
nl0622202si20060920_065202.mpg	
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  Interfacial	
  toughening	
  using	
  a	
  monolayer	
  

Gandhi	
  et	
  al.,	
  Nature	
  447:299	
  2007.	
  

Quick	
  calcula7on	
  based	
  on	
  bond	
  breakage	
  
confirms	
  measured	
  result	
  

Interconnect	
  structure	
  
tested	
  in	
  4-­‐point	
  bending	
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XPS	
  reveals	
  Cu-­‐S	
  
s7ll	
  bonded	
  post-­‐

fracture	
  

Annealing	
  creates	
  Si-­‐O	
  
bonds	
  (strong)	
  

Cu	
  layer	
  prevents	
  
detachment	
  

Gandhi	
  et	
  al.,	
  Nature	
  447:299	
  2007.	
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Welding	
  CNT-­‐metal	
  junc7ons	
  
§ Metal-­‐filled	
  CNTs	
  made	
  by	
  floaHng	
  catalyst	
  method	
  
§  Focused	
  electron	
  beam	
  gives	
  103-­‐105	
  A/cm2	
  

§ 11	
  minutes	
  to	
  form	
  juncHon	
  shown	
  below	
  

Rodriguez-­‐Manzo	
  et	
  al.,	
  PNAS	
  (early	
  ediHon)	
  2009.	
  



©2010	
  |	
  A.J.	
  Hart	
  |	
  98	
  Rodriguez-­‐Manzo	
  et	
  al.,	
  PNAS	
  (early	
  ediHon)	
  2009.	
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  Rodriguez-­‐Manzo	
  et	
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