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Graphene	
  

Graphene	
  –	
  very	
  old	
  new	
  material	
  
Panoply	
  of	
  interes4ng	
  physics	
  
Measuring	
  strain	
  with	
  light	
  sca:ering	
  
Fric4on	
  –	
  What	
  happens	
  when	
  you	
  pull	
  it?	
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Discovery	
  of	
  graphene	
  
10/30/2009 
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4 

Graphene: most popular search word in Nature 
Graphene beats cancer, HIV, and obesity 
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Graphene	
  Research	
  at	
  Boston	
  University	
  

David Campbell (Physics), Bennett Goldberg (Physics), 
Ramesh Jasti (Chemistry), Harold Park (Mechanical Engineering) 
Antonio Castro-Neto (Physics), Claudio Chamon (Physics), Chuanhua 
Duan (ME), Michael El-Batanouny (Physics), Roberto Paiella (ECE), 
So-Young Pi (Physics), Anna Swan(ECE) 
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Graphene-based Nanoelectronic Devices	
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What	
  do	
  you	
  know	
  or	
  think	
  about	
  
Graphene?	
  	
  

•  Worksheet,	
  1st	
  page	
  
•  Draw	
  laLce	
  structure	
  
•  10	
  minutes	
  or	
  so	
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Graphene	
  laLce	
  

•  Single	
  layer	
  of	
  graphite;	
  sp2	
  bonding	
  	
  
-­‐	
  interlayer	
  spacing	
  ≈	
  3.4	
  Å	
  

•  Triangular	
  Bravais	
  laLce	
  with	
  2	
  atom	
  basis	
  
-­‐	
  a	
  ≈	
  1.42	
  Å	
  

•  1	
  electron	
  per	
  orbital	
  
-­‐	
  Half	
  filled	
  

•  Hexagonal	
  reciprocal	
  laLce	
  
-­‐	
  High	
  symmetry	
  points:	
  Γ,	
  K,	
  K’	
  

Castro Neto et al, Rev Mod Phys (2009) 

2.7eV 

0.1 eV 
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Bonding	
  in	
  Carbon	
  

Hybridization, flexible bonding, richness in structure 
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What	
  does	
  it	
  mean	
  when	
  we	
  say	
  
something	
  is	
  0,	
  1,	
  2	
  or	
  3	
  Dimensional?	
  	
  	
  
•  Worksheet,	
  2nd	
  page	
  
•  Define	
  what	
  you	
  think	
  dimensionality	
  means	
  
to	
  a	
  physicist	
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0D,	
  1D,	
  and	
  2D	
  Carbon	
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Graphene - Mother of all graphitic forms  
The rise of graphene  
Geim and Novoselov 
Nature Mat. 6 2007 

Molecule 

Periodic system 

? 

1991 -Carbon nanotubes  1D  
1985 –Buckyballs - 0D  

2004 –Graphene 2D 
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Unusual	
  material	
  
•  Strictly	
  2-­‐dimensional	
  material	
  
•  High	
  mobility,	
  µ	
  ≈	
  2x105cm2/Vs	
  Bolo$n	
  et	
  al,	
  Solid	
  State	
  Comm(2008)	
  
•  Thermal	
  conduc4vity,	
  κ	
  ≈	
  5x103	
  W/mK	
  Balandin	
  et	
  al,	
  Nano	
  Le7(2008)	
  

–  Comparison	
  to	
  diamond	
  κ	
  ≈	
  3x103	
  W/mK	
  	
  
•  Resilience	
  to	
  strain,	
  σintrinsic	
  ≈	
  130	
  GPa	
  Changgu	
  et	
  al,	
  Science(2008)	
  
•  New	
  physical	
  effects	
  
•  Recommended	
  reading:	
  

–  	
  Andre	
  Geim,	
  “Graphene:	
  Status	
  and	
  Prospects,	
  Science	
  324,	
  1530	
  (2009)	
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Wide	
  ranging	
  applica4ons	
  
•  Stretchable	
  displays	
  
•  High	
  frequency	
  devices	
  
•  Sensors	
  (e.g.	
  pressure)	
  
•  Energy	
  storage;	
  ultracaps	
  
•  CMOS	
  electronics	
  
•  Non	
  vola4le	
  memory	
  
•  Biotechnology	
  
•  Coa4ngs	
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Electronic	
  structure	
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Electronic	
  structure	
  
•  Conduc4on	
  &	
  valence	
  band	
  touch	
  in	
  

K,K’,	
  “Dirac-­‐Points”,	
  making	
  a	
  
semimetal	
  

•  Ek	
  ≈	
  ±vFk	
  +	
  higher	
  order	
  terms	
  
–  Dispersion	
  of	
  massless	
  par4cles	
  
–  Analogy	
  to	
  rela4vis4c	
  physics	
  
–  vF	
  ≈	
  106m/s	
  ≈	
  c/300	
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Graphene	
  Field	
  Effect	
  Transistor	
  
10/30/2009 

•  Op4cal	
  or	
  ebeam	
  lithography	
  
•  Standard	
  semiconductor	
  processing	
  
•  Field	
  effect	
  devices	
  
•  Control	
  amount	
  of	
  charge	
  in	
  the	
  

system	
  
•  For	
  300nm	
  oxide	
  

–  n	
  ≈	
  0.7x1011cm-­‐2V-­‐1	
  

n-doped Si 

VGate 

VSD 

SiO2 
Graphene 

Ti/Au 
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Transport	
  
10/30/2009 

EF(VGate)  

Filled electron 
states 

•  Vgate	
  determines	
  Fermi	
  energy	
  EF	
  
•  Change	
  type	
  of	
  charge	
  carrier	
  

e-conduction h-conduction 

-30 -20 -10 0 10 20 30 40 
0.0 
0.5 
1.0 
1.5 
2.0 
2.5 
3.0 
3.5 
4.0 

0.0 
0.5 
1.0 
1.5 
2.0 
2.5 
3.0 
3.5 
4.0 

R
es

is
tiv

ity
 (k
Ω

) 

Gate Voltage(V) 

  

 c
on

du
ct

iv
ity

 

Dirac point 



PY482 022113 

How	
  we	
  use	
  light	
  to	
  study	
  materials	
  

•  LaLce	
  structure	
  
•  Non-­‐invasive,	
  

local	
  probe	
  
•  Elas4c	
  proper4es	
  
•  Electron-­‐phonon	
  

coupling	
  
•  .	
  .	
  .	
  	
  
	
  

Raman Scattering in Graphene 

! = k
m

= Stiffness
Mass

!out = !in ± !ph
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Phonons	
  in	
  Graphene	
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Phonon	
  band	
  structure	
  of	
  graphene	
  

2D	
  Band	
  	
  
	
  2nd	
  order	
  process,	
  E2g	
  

K	
   K’	
  

G	
  Band	
  	
  
	
  1st	
  order	
  process	
  

0	
  momentum	
  
phonons,	
  G-­‐Band	
  

2D	
  Band	
  
G’	
  Band	
  
D*	
  Band	
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§  Place uniaxial strain on graphene:���
symmetry of lattice broken	



§  Raman is sensitive tool to monitor 
strain!	



Raman	
  sca:ering	
  and	
  strain	
  response	
  of	
  graphene	
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Strain	
  Engineering	
  of	
  Graphene	
  –	
  a	
  New	
  Toolset	
  

“All-graphene integrate circuits via strain 
engineering” by Vitor M. Pereira and A. H. 
Castro Neto, Phys. Rev. Lett. 103, 046801 
(2009).	



§  Strain! Confinement, 1D 
channels, collimation,…	



§  Substrate patterned, not graphene	


§  Anisotropic in-plane hopping	


§  But…Challenges…	


§  Require high strain	


§  But.. Opportunities… transport	


	





PY482 022113 

Strain	
  measurements	
  in	
  graphene	
  	
  

Mohiuddin, Ferrari	



§  Uniaxial strain in single layer 
on SU8, PDMS	



§  G, 2D soften with strain	


§  Degenerate G phonon splits 

into polarization dependent 
lines	
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Graphene	
  as	
  impermeable	
  membrane	
  
10/30/2009 

Bunch et al, Nano Lett. 2008 

•  Graphene	
  sealed	
  micro	
  chamber	
  
•  Impermeability	
  to	
  gases	
  
•  Confirmed	
  even	
  for	
  He	
  

•  Pressure	
  difference	
  causes	
  graphene	
  membrane	
  to	
  bend	
  
•  Measurement	
  of	
  deflec4on	
  

•  Direct	
  detec4on	
  (op4cal)	
  
•  Measure	
  capaci4ve	
  change	
  in	
  the	
  graphene	
  –	
  Si	
  system	
  



PY482 022113 

Graphene	
  membranes	
  as	
  micro-­‐	
  
and	
  nano-­‐	
  pressure	
  sensors	
  

•  Environmental	
  tes4ng	
  of	
  graphene	
  material,	
  membranes	
  
and	
  devices	
  

•  Graphene	
  membrane	
  fabrica4on	
  
•  Measurement	
  of	
  fundamental	
  mechanical	
  proper4es	
  of	
  
graphene	
  membranes	
  

•  Demonstra4on	
  of	
  capacitance	
  pressure	
  sensing	
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How	
  graphene	
  slides:	
  Measurement	
  
and	
  theory	
  of	
  fric4onal	
  forces	
  
between	
  graphene	
  and	
  SiO2	
  

Alex	
  Ki:,	
  Zenan	
  Qi,	
  Sebas4an	
  Remi,	
  
Harold	
  Park,	
  Anna	
  Swan,	
  Benne:	
  

Goldberg	
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How	
  graphene	
  slides:	
  Measurement	
  
and	
  theory	
  of	
  fric?onal	
  forces	
  
between	
  graphene	
  and	
  SiO2	
  

Alex	
  Ki:,	
  Zenan	
  Qi,	
  Sebas4an	
  Remi,	
  
Harold	
  Park,	
  Anna	
  Swan,	
  Benne:	
  

Goldberg	
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Fric4on	
  101	
  

Amontons’	
  (macroscopic)	
  Laws:	
  
Fric4on	
  is…	
  
1.  Propor4onal	
  to	
  applied	
  load,	
  FN	
  
2.  Independent	
  of	
  contact	
  area	
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Fric4on	
  801	
  
Graphene on SiO2: 

SiO2: 

Cullen et al. PRL 105, 215504 (2010) 

STM 

What happens when load isn’t needed 
for perfect conformation? 

Krim Langmuir 12, 4654 (1996) 

 FN ! Ac

F = µFN Macroscopic 

F =!"Ac Microscopic 
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Fric4ons	
  role	
  in	
  graphene	
  devices	
  

Milaninia et al. APL 95, 183105 (2009) 

Graphene mechanical switch:  

Strain engineered devices: 

Pereira and Castro Neto PRL 103, 046801 (2009) 

Bonaccorso et al. Nature Photon. 4, 611 (2010) 

Flexible polymer dispersed 
liquid crystal device: 

Graphene mechanical resonators: 

Bunch et al. Science 315, 490 (2007) 
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Outline	
  
1.  Experiment	
  
2.  Qualita4ve	
  observa4ons	
  
3.  Modeling	
  
4.  Pressure	
  and	
  strain	
  dependence	
  of	
  fric4on	
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0.1-0.8 MPa 
15-100 psi 
N2 gas 

Experimental	
  Design	
  



PY482 022113 

Dual	
  role	
  or	
  pressure	
  
Pressure 
acts as a 

load 

Pressure pulls 
graphene 
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Raman G band strain response 

Biaxial	
  strain	
   Shear	
  strain	
  

Perturbing the inter-ionic forces with strain: 

Mohiuddin et al. PRB 79, 205433 2009 
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Qualita4ve	
  results:	
  Sliding!	
  

1.  Supported	
  graphene	
  
strained	
  	
  

2.  Strain	
  further	
  
distributed	
  at	
  higher	
  
pressure	
  

3.  Reproducible	
  
–  Spa4ally	
  
–  Temporally	
  
–  8	
  devices	
  

o  1,2,	
  and	
  3	
  layers	
  
o  R=1.2	
  to	
  5	
  μm	
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D=10 µm monolayer 
P=.08 MPa=115 psi 
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Pressure	
  dependence	
  of	
  fric4on	
  
1.  Trilayer	
  graphene	
  
2.  Monolayer	
  and	
  bilayer	
  graphene	
  
3.  Microscopic	
  explana4on	
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Pressure	
  dependence	
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Trilayer	
  graphene	
  

μ	
  

Teflon	
  on	
  Teflon	
   0.04	
  

Trilayer	
  on	
  SiO2	
   0.1	
  

Metal	
  on	
  Wood	
   0.2-­‐0.6	
  

Amontons’ law: 
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Sliding	
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1.   Decreases	
  with	
  pressure?	
  

2.  Decreases	
  with	
  radius?	
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Dual	
  role	
  or	
  pressure	
  

Pressure acts 
as a load 

Pressure pulls 
graphene 
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Fric4on	
  as	
  a	
  func4on	
  of	
  strain	
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Microscopic	
  explana4on	
  

Trilayer	
   Mono	
  and	
  bilayer	
  

Pressure increases 
conformation 

P=0 

P>0 

Strain smooth's out graphene 

Monolayer: Near perfect conformation 

Cullen et al. PRL 105, 215504 (2010) 


