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Announcements	
  
§ Please	
  fill	
  out	
  the	
  info	
  sheet	
  if	
  you	
  are	
  new	
  
§ How	
  many	
  plan	
  to	
  take	
  the	
  GCC?	
  
§ No	
  class	
  next	
  M	
  (Jan/18)	
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Recap:	
  nanoscale	
  structures	
  
§ Taxonomy:	
  nano-­‐clusters,	
  -­‐wires,	
  -­‐tubes,	
  sheets,	
  
heterostructures	
  
§  0D,	
  1D,	
  2D	
  –	
  how	
  many	
  degrees	
  of	
  freedom	
  would	
  you	
  have	
  

if	
  you	
  were	
  inside	
  the	
  structure?	
  
§  Emphasis	
  on	
  structural	
  diversity	
  
§  We	
  will	
  see	
  effects	
  of	
  size	
  and	
  shape	
  on	
  proper]es	
  

§ “Magic”	
  numbers	
  
§  Geometrically/energe]cally	
  stable	
  configura]ons	
  of	
  atoms	
  
§  These	
  are	
  mathema]cally	
  formulated	
  and	
  observed	
  

experimentally	
  

§  Structure	
  of	
  single-­‐wall	
  CNTs	
  (SWNTs)	
  
§  An	
  important	
  example	
  of	
  structure-­‐property	
  rela]onships	
  at	
  

the	
  nanoscale	
  
§  There	
  is	
  a	
  specific	
  nota]on	
  for	
  each	
  SWNT	
  
§  Prac]cally,	
  there	
  are	
  hundreds	
  of	
  CNT	
  chirali]es	
  with	
  

diameter	
  1-­‐3	
  nm	
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CNT	
  unit	
  cell	
  

Charlier	
  et	
  al.,	
  Rev.	
  Mod.	
  Phys.,	
  79(2),	
  2007.	
  	
  

TranslaEon	
  
vector	
  (T)	
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What	
  is	
  the	
  smallest	
  CNT?	
  

	
  
Hayashi	
  et	
  al.,	
  Nano	
  Le?ers	
  3(7):887-­‐889,	
  2003	
  
Zhao	
  et	
  al.,	
  Phys	
  Rev	
  Le?	
  92(12):125502,	
  2004.	
  	
  

4A	
  

3A	
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Nanotube	
  modeler	
  
h?p://www.jcrystal.com/products/wincnt/	
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Today’s	
  agenda	
  
§ Microscopy:	
  techniques	
  and	
  limits	
  
§  Op]cal	
  
§  Electron	
  
§  Scanning	
  probe	
  (AFM/STM)	
  

§  Surface/structural	
  analysis:	
  electron	
  and	
  X-­‐ray	
  techniques	
  
§ Op]cal	
  spectroscopy	
  
§  Raman	
  
§  UV/visible	
  light	
  
§  Infrared	
  

	
  

§ This	
  lecture	
  could	
  be	
  an	
  enEre	
  course	
  (or	
  more);	
  our	
  goal	
  is	
  to	
  
know	
  the	
  very	
  basics	
  of	
  techniques	
  we’ll	
  refer	
  to	
  in	
  later	
  
topics.	
  

§ We’ll	
  overview	
  how	
  to	
  measure	
  properEes	
  in	
  the	
  coming	
  
lectures	
  (mechanical,	
  electrical,	
  thermal,	
  opEcal)	
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Today’s	
  readings	
  
Nominal:	
  (on	
  ctools)	
  
§ Binning,	
  Quate,	
  and	
  Gerber,	
  Atomic	
  Force	
  Microscope	
  	
  
§ Rao,	
  CharacterizaEon	
  of	
  Nanomaterials	
  by	
  Physical	
  Methods	
  
	
  

Extras:	
  (on	
  ctools)	
  
§  Several	
  papers	
  on	
  dynamic	
  characteriza]on,	
  e.g.,	
  ]me-­‐
resolved	
  electron	
  microscopy	
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AddiEonal	
  resources	
  
§ References	
  listed	
  on	
  these	
  slides	
  
§  Internet	
  search!	
  
§ Review	
  papers	
  (in	
  journals)	
  
§ Many	
  good	
  books,	
  e.g.,	
  
§  Grasserbauer	
  and	
  Werner	
  (eds.),	
  Analysis	
  of	
  Microelectronic	
  Materials	
  

and	
  Devices,	
  ISBN	
  0471950130	
  

§ Courses	
  at	
  UM:	
  
§  Structural	
  and	
  chemical	
  characteriza]on	
  of	
  materials,	
  Prof.	
  Steve	
  

Yalisove	
  (MSE465	
  W10)	
  
§  Experimental	
  methods	
  in	
  solids,	
  Prof.	
  Samantha	
  Daly	
  (ME599	
  was	
  

offered	
  in	
  W09)	
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CalibraEon	
  

h?p://www.sustainpack.com/nanotechnology.html	
  

1	
  micrometer	
  =	
  10-­‐6	
  m	
  	
  
1	
  nanometer	
  =	
  10-­‐9	
  m	
  
1	
  angstrom	
  =	
  10-­‐10	
  m	
  

	
  
so…	
  

1	
  mm	
  	
  =	
  1,000,000	
  µm	
  
1	
  µm	
  =	
  1000	
  nm	
  
1	
  nm	
  =	
  10	
  A	
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ResoluEon	
  versus	
  Eme	
  

h?p://www.sustainpack.com/nanotechnology.html	
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SpaEal	
  resoluEon	
  

Ch
em

ic
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  in
fo
rm

aE
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lo
w
	
  

m
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1	
  nm	
  

near-­‐field	
  
opEcal	
  	
  

at
om

ic
	
  

	
  
	
  
adapted	
  from	
  Park.com,	
  A	
  Prac]cal	
  Guide	
  to	
  Scanning	
  Probe	
  Microscopy	
  

1	
  µm	
   1	
  mm	
  

micro-­‐IR	
  
micro-­‐Raman	
  

X-­‐ray	
  
spectroscopy,	
  
tomography	
  

electron	
  
microscopy	
  

scanning	
  probe	
  
microscopy	
  

opEcal	
  
microscopy	
  

What	
  types	
  of	
  informaEon	
  do	
  we	
  want?	
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OpEcal	
  microscope	
  

Rost	
  and	
  Oldfeld,	
  Photography	
  with	
  a	
  Microscope.	
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Limits	
  of	
  opEcal	
  microscopy	
  
§ Diffrac]on	
  limit	
  defines	
  spa]al	
  resolu]on,	
  d	
  =	
  λ/NA	
  
§ Ability	
  to	
  fit	
  spread	
  (airy)	
  func]on	
  determines	
  point-­‐to-­‐point	
  
resolu]on	
  of	
  ideal	
  emi?ers	
  

h?p://www.microscopyu.com/ar]cles/formulas/images/resolu]onfigure1.jpg	
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Limits	
  of	
  opEcal	
  microscopy	
  
§ Ways	
  to	
  beat	
  the	
  diffrac]on	
  limit	
  
§  Immersion	
  op]cs	
  (e.g.,	
  increase	
  NA)	
  
§  Prior	
  knowledge	
  of	
  what	
  should	
  be	
  in	
  the	
  image	
  
§  Surface	
  and	
  ]p-­‐enhanced	
  methods	
  
§  Use	
  fluorescent	
  beacons	
  (e.g.,	
  quantum	
  dots)	
  to	
  tag	
  specific	
  
loca]ons	
  

Thomas J. Deerinck 
National Center for Microscopy & Imaging 
Research 
University of California - San Diego 
La Jolla, California, USA 
Quantum dot fluorescence image of mouse kidney 
section (240x) 
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StochasEc	
  opEcal	
  reconstrucEon	
  microscopy	
  
(STORM)	
  

Switchable	
  fluorophores	
  

Zhuang	
  group	
  at	
  Harvard,	
  h?p://zhuang.harvard.edu/	
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Scanning	
  electron	
  microscope	
  (SEM)	
  

Goodhew,	
  Electron	
  Microscopy	
  and	
  Analysis.	
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h?p://en.wikipedia.org/wiki/Scanning_electron_microscope	
  
h?p://serve.me.nus.edu.sg/mat/images/sem.jpg	
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SEM	
  

h?p://www.jeol.com	
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1	
  µm	
  

70,000X	
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SEM	
  sample	
  preparaEon	
  
§ Electrically	
  conduc]ve	
  sample	
  surface	
  required	
  
§ Affix	
  to	
  sample	
  stage	
  with	
  conduc]ve	
  tape	
  (e.g.,	
  carbon)	
  or	
  
conduc]ve	
  epoxy	
  (e.g.,	
  polymer	
  and	
  Ag	
  par]cles)	
  

§ Coat	
  non-­‐conduc]ve	
  samples	
  with	
  a	
  thin	
  metal	
  layer	
  (typically	
  
10-­‐100	
  nm),	
  OR	
  use	
  environmental-­‐SEM	
  (E-­‐SEM)	
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It’s	
  cold	
  outside!	
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Transmission	
  electron	
  microscope	
  (SEM)	
  

Goodhew,	
  Electron	
  Microscopy	
  and	
  Analysis.	
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  Iijima,	
  Nature	
  354:56-­‐58,	
  1991.	
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h?p://www.jeol.com	
  
h?p://www.fei.com	
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TEM	
  

h?p://www.jeol.com	
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Electron	
  beam	
  can	
  damage	
  a	
  structure	
  

A.J.	
  Hart,	
  Ph.D.	
  thesis,	
  2006.	
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TEM	
  characterizaEon	
  of	
  ZnO	
  helices	
  

Gao	
  et	
  al.,	
  Science	
  309:1700-­‐4,	
  2005.	
  	
  



©2010	
  |	
  A.J.	
  Hart	
  |	
  31	
  

TEM	
  sample	
  preparaEon	
  
§ Grid,	
  typically	
  3	
  mm	
  diameter	
  
§ Membrane	
  (<	
  10	
  nm	
  thick)	
  oxen	
  suspended	
  over	
  grid	
  
§  Fabricate	
  thin	
  sec]ons	
  by	
  ion	
  milling	
  or	
  microtoming	
  

various	
  online	
  sources:	
  e.g.,	
  Quan]foil,	
  SPI	
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Sample	
  prep	
  using	
  a	
  focused	
  ion	
  beam	
  (FIB)	
  

h?p://commons.wikimedia.org/wiki/Image:Fib_tem_sample.jpg	
  
Reyntjens	
  and	
  Puers,	
  J.	
  Micromechanics	
  and	
  Microengineering,	
  11:287-­‐300,	
  2001.	
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Lens	
  aberraEons	
  determine	
  the	
  pracEcal	
  
resoluEon	
  limit	
  

Hetherington,	
  Materials	
  Today,	
  December	
  2004.	
  	
  

§  It’s	
  difficult	
  to	
  eliminate	
  aberra]ons	
  in	
  metallic	
  lenses	
  

Rays	
  focus	
  at	
  different	
  
points	
  
-­‐due	
  to	
  non-­‐uniformi]es	
  in	
  
focusing	
  fields,	
  diffrac]on	
  
at	
  apertures	
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AberraEon-­‐corrected	
  TEM	
  can	
  show	
  	
  
individual	
  atoms	
  (0.1	
  nm	
  resoluEon)	
  

Suenaga	
  et	
  al.,	
  Nature	
  Nanotechnology,	
  2:358,	
  2007.	
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Environmental	
  TEM	
  (E-­‐TEM)	
  shows	
  material	
  
dynamics	
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A	
  sequence	
  of	
  images	
  of	
  the	
  
nuclea]on	
  and	
  subsequent	
  

growth	
  of	
  individual	
  Cu	
  
crystallites	
  during	
  galvanic	
  

deposi]on	
  at	
  5	
  mA/cm2.	
  The	
  
numbers	
  in	
  the	
  upper	
  right-­‐hand	
  

corner	
  indicate	
  the	
  number	
  of	
  
seconds	
  axer	
  the	
  ini]a]on	
  of	
  the	
  

current	
  flow.	
  	
  



©2010	
  |	
  A.J.	
  Hart	
  |	
  37	
  

Scanning	
  tunneling	
  microscopy	
  (STM)	
  
§  First	
  to	
  give	
  real-­‐space	
  atomic	
  resolu]on	
  images	
  
§ ∼10A	
  gap	
  between	
  conduc]ve	
  ]p	
  and	
  conduc]ve	
  sample,	
  
using	
  tunneling	
  (exponen]al)	
  current	
  to	
  measure	
  
displacement	
  

“topografiner”	
  invented	
  by	
  Young	
  and	
  colleagues,	
  NIST,	
  1972	
  
	
  h?p://nvl.nist.gov/pub/nistpubs/sp958-­‐lide/214-­‐218.pdf	
  

Binnig	
  and	
  Rohrer	
  (IBM),	
  Nobel	
  Prize,	
  1986	
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STM:	
  scanning	
  modes	
  

invented	
  by	
  Young	
  and	
  colleagues,	
  NIST,	
  1972	
  
Binnig	
  and	
  Rohrer,	
  Nobel	
  Prize,	
  1986	
  
Figure	
  from	
  park.com,	
  A	
  prac]cal	
  guide	
  to	
  scanning	
  probe	
  microscopy	
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  Crommie	
  et	
  al.,	
  Science	
  262:218-­‐220	
  1993.	
  

Quantum	
  corral	
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Atomic	
  force	
  microscopy	
  

invented	
  by	
  Young	
  and	
  colleagues,	
  NIST,	
  1972	
  
Binnig	
  and	
  Rohrer,	
  Nobel	
  Prize,	
  1986	
  
Park.com,	
  A	
  prac]cal	
  guide	
  to	
  scanning	
  probe	
  microscopy	
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AFM	
  image	
  of	
  graphite	
  

h?p://www.physik.uni-­‐augsburg.de/exp6/imagegallery/afmimages/
afmimages_e.shtml	
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AFM	
  canElevers	
  and	
  Eps	
  

Tip/sample	
  convolu]on	
  

	
  
h?p://www.xintex.com	
  

§ Etched	
  pyramids	
  
§ Oxide/etch	
  sharpening	
  
§ Growth	
  of	
  nanostructured	
  ]ps	
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ActuaEng	
  single	
  molecules	
  using	
  AFM	
  

	
  
h?p://www.pitb.de/nol]ng/biophysics_methods/nanobiotech.html	
  
h?p://www.veeco.com/pdfs/appnotes/AN92-­‐BacterialAdhes_02176_rf_251.pdf	
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High-­‐speed	
  (video-­‐rate)	
  AFM	
  

	
  
h?p://www.infinitesima.com	
  	
  

§ Key:	
  resonant	
  scanning	
  in	
  two	
  axes	
  

VIDEOS	
  
h?p://www.infinitesima.com/VideoAFM-­‐download.html	
  	
  

h?p://www.s.kanazawa-­‐u.ac.jp/phys/biophys/roadmap.htm	
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Structure	
  determinaEon	
  using	
  X-­‐rays	
  

	
  
h?p://en.wikipedia.org/wiki/X-­‐ray_crystallography	
  	
  

Reciprocal	
  space	
  

Real	
  space	
  



©2010	
  |	
  A.J.	
  Hart	
  |	
  46	
  

X-­‐ray	
  sca`ering	
  (diffracEon)	
  

Sample	
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Typical	
  SAXS	
  beamline	
  

h?p://www-­‐ssrl.slac.stanford.edu/conferences/workshops/sca?er2006/talks/
pople_saxs_work	
  hop_060522.pdf	
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Sca`ering	
  angles	
  and	
  feature	
  sizes	
  
Bragg’s	
  law:	
  

θλ sin2d=

§  Small-­‐angle	
  (SAXS):	
  ∼5-­‐50	
  nm	
  
§ Wide-­‐angle	
  (WAXS):	
  smaller	
  features	
  than	
  SAXS,	
  to	
  lazce	
  
spacing	
  and	
  below	
  

§ Ultra	
  small-­‐angle	
  (USAXS):	
  larger	
  features	
  than	
  SAXS,	
  e.g.,	
  
structure-­‐structure	
  interac]ons	
  

d
q π2
=
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DiffracEon	
  rings	
  à	
  atomic	
  spacings	
  

h?p://www-­‐ssrl.slac.stanford.edu/conferences/workshops/sca?er2006/talks/
pople_saxs_workshop_060522.pdf	
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Electron	
  diffracEon	
  in	
  TEM	
  

Gao	
  et	
  al.,	
  Science	
  309:1700-­‐4,	
  2005.	
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Characterizing	
  CNT	
  forests	
  by	
  SAXS	
  

Aligned	
   Unaligned	
  

Bedewy,	
  Meshot,	
  Wang,	
  Verploegen,	
  Hart,	
  et	
  al.	
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  Wang,	
  Benne?,	
  Verploegen,	
  Hart,	
  Cohen,	
  J.	
  Phys.	
  Chem.	
  C	
  111(16):5859-­‐5865,	
  2007.	
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Ts =	
  725oC,	
  D	
  =	
  8.0	
  nm

Ts =	
  675oC,	
  D	
  =	
  7.7	
  nm

Ts =	
  775oC,	
  D	
  =	
  8.3	
  nm

Ts =	
  825oC,	
  D	
  =	
  9.3	
  nm

Ts =	
  875oC,	
  D	
  =	
  10.5	
  nm
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Grazing	
  incidence	
  SAXS	
  (GI-­‐SAXS)	
  

Renaud	
  et	
  al.,	
  Science	
  300:1416,	
  2003.	
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Grazing	
  incidence	
  SAXS	
  (GI-­‐SAXS)	
  

Renaud	
  et	
  al.,	
  Science	
  300:1416,	
  2003.	
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Chemical	
  analysis	
  
§ X-­‐ray	
  photoelectron	
  spectroscopy	
  (XPS)	
  à	
  compounds	
  
§  X-­‐rays	
  in,	
  electrons	
  out	
  

§ Energy-­‐dispersive	
  X-­‐ray	
  spectroscopy	
  à	
  elements	
  
§  electrons	
  in,	
  X-­‐rays	
  out	
  

§ Auger	
  electron	
  spectroscopy	
  à	
  elements	
  
§  Electrons	
  in,	
  electrons	
  out	
  

§ OpEcal	
  spectroscopy:	
  peak	
  à	
  vibraEonal	
  mode	
  
§  Resonant	
  Raman	
  spectrometry	
  
§  IR	
  spectroscopy	
  

§ Mobility-­‐based	
  measurements	
  of	
  gases	
  and	
  liquids,	
  e.g.,	
  mass	
  
spectrometry	
  

§ Electron	
  and	
  X-­‐ray	
  techniques	
  =	
  VACUUM	
  
§ OpEcal	
  techniques	
  =	
  AMBIENT	
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Lateral	
  resoluEon	
  vs.	
  depth	
  resoluEon	
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X-­‐ray	
  photoelectron	
  spectroscopy	
  (XPS)	
  

φ−−= kineticphotonbinding EEE
h?p://en.wikipedia.org/wiki/X-­‐ray_photoelectron_spectroscopy	
  
Work	
  func]on	
  of	
  the	
  spectrometer:	
  h?p://www.rikenkeiki.com/pages/AC2.htm	
  	
  	
  

Work	
  func]on	
  of	
  
spectrometer	
  
(calibrated)	
  

Measured	
  X-­‐rays	
  in	
  

Output	
  used	
  to	
  
determine	
  material	
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XPS	
  

	
  
h?p://en.wikipedia.org/wiki/X-­‐ray_photoelectron_spectroscopy	
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Is	
  the	
  CNT	
  growth	
  catalyst	
  metal	
  or	
  oxide?	
  

metallic	
  Fe	
  
on	
  Al2O3	
  

Fe-­‐oxide	
  
on	
  Al2O3	
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Infrared	
  (IR)	
  spectrometry	
  

h?p://en.wikipedia.org/wiki/Infrared_spectroscopy	
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Infrared	
  (IR)	
  spectrometry	
  

h?p://www.cem.msu.edu/~reusch/VirtualText/Spectrpy/InfraRed/infrared.htm	
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Raman	
  spectroscopy	
  

	
  
h?p:/www.kaiser.com	
  	
  

§ Raman	
  shix:	
  sca?ered	
  light	
  shixs	
  in	
  frequency	
  when	
  it	
  
excites	
  a	
  molecular	
  vibra]on;	
  tuning	
  this	
  excita]on	
  to	
  an	
  
electronic	
  transi]on	
  in	
  the	
  sample	
  gives	
  a	
  huge	
  
enhancement	
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Raman	
  spectroscopy	
  of	
  CNTs	
  

	
  
axer	
  Jorio	
  et	
  al.,	
  New	
  Journ.	
  Phys.,	
  5:139.1–139.17,	
  2003	
  

In
te
ns
ity

	
  [a
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  n
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to
	
  S
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  p
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k	
  
he

ig
ht
	
  

Ordinal	
  
Comparisons:	
  
	
  
G/D	
  Ra]o	
  =	
  	
  

	
  CNT	
  quality	
  
	
  
G/Si	
  Ra]o	
  =	
  	
  

	
  CNT	
  yield	
  
	
  
D-­‐band	
  =	
  Defects	
  in	
  
CNTs	
  and	
  defec]ve	
  
carbon	
  on	
  substrate	
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Son	
  et	
  al.,	
  Appl.	
  Phys.	
  Le8.	
  90:253113,	
  2007.	
  

Raman	
  peak	
  of	
  a	
  SWNT	
  shihs	
  with	
  
strain	
  …like	
  a	
  guitar	
  string	
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  How	
  were	
  these	
  pictures	
  taken?	
  

	
   	
  Nanoclusters	
   	
  NanoparEcles	
  
	
   	
  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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CharacterizaEon	
  faciliEes	
  at	
  UM	
  
Electron	
  Microbeam	
  Analysis	
  Laboratory	
  (EMAL)	
  
h?p://www.emal.engin.umich.edu/	
  
Facili]es:	
  Scanning	
  Electron	
  Microscope	
  (SEM),	
  Transmission	
  
Electron	
  Microscope	
  (TEM),	
  X-­‐ray	
  Photo-­‐electron	
  Spectroscopy	
  
(XPS),	
  Focused	
  Ion	
  Beam	
  (FIB),	
  and	
  others.	
  
	
  
X-­‐Ray	
  MicroAnalysis	
  Laboratory	
  (XMAL)	
  
h?p://www.mse.engin.umich.edu/research/xmal	
  
Facili]es:	
  X-­‐ray	
  Diffrac]on	
  and	
  X-­‐ray	
  Sca?ering	
  
	
  
Michigan	
  Ion	
  Beam	
  Laboratory	
  (MIBL)	
  
h?p://www-­‐ners.engin.umich.edu/research/Mibl/index.html	
  
Facili]es:	
  Rutherford	
  Backsca?ering	
  Spectroscopy,	
  Ion	
  Implanta]on	
  


