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Graphite

Fullerene Nanotube Graphite

Graphene

Graphene: the 2D building block of carbon allotropes

*Keun Soo Kim et al. Nature, 2009

*

*Tsoukleri  et al, Small 2009 
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The rise of Graphene
High e mobility (∼105 cm2V-1s-1 at T=300K) and resilience to high current 
densities (∼108 A/cm2)  [Nat. Nanotechnol. 3, 491 (2008)] 
Ballistic transport even at room temperature [Nat. Mater. 6, 183 (2007)]

Superior thermal conductivity (∼5x103 Wm-1K-1 at T=300K) [ Nano Lett. 8, 
902 (2008)]
Each graphene layer absorbs πα (≈2.3%) of the incident light [Science 
320, 1308 (2008)]
Novel quantum Hall physics  [Nature 438, 197 (2005)]

Extreme strength (∼130 GPa) and modulus (∼1TPa) [Science 321, 385 
(2008)]

and many others …

Measurement of the mechanical properties of 
monolayer graphene suspended over open holes 
onto SiO2 substrate using AFM nanoidentation 
[Science (2008)]
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Physics of Monolayer Graphene
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Graphene production (1/2)
I. Mechanical cleavage

Interlayer van der Waals 
interaction   2 eV/nm2

The force needed to 
exfoliate graphene ~ 300 
nN/mm2

Common adhesive tape is 
sufficient

Substrate which provides 
contrast for graphene 
monolayer is necessary 
(e.g. SiO2( 300nm)/Si or 
SU8/PMMA)
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Graphene production (2/2)

II. CVD growth

Different substrates – Cu, Ni, Pt, Ru, Ir, 
TiC, TaC

Formation of graphene either by 
catalytic decomposition of the 
hydrocarbon gas at the substrate (e.g. Cu), 
or by dissolution of carbon in the substrate 
and precipitation of graphene layers upon 
cooling (e.g. Ni)

CVD on Cu substrate seems to be the 
most promising at the moment, allowing 
mass production in the near future

Li et al., Science (2009), Nano Lett. (2009)

Bae et al., Nature Nanotechnology, DOI: 10.1038
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Rapid Sequencing of Individual DNA Molecules in 
Graphene Nanogaps

Henk W.Ch. Postma
Department of Physics, California State University Northridge,

18111 Nordho Street, Northridge, CA 91330-8268
(Dated: October 20, 2008)

I propose a technique for reading the base sequence of a single DNA molecule using a graphene nanogap.
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Raman spectroscopy: a unique characterization tool 
for graphitic materials

a (monolayer)

b (bilayer)

c (multilayer)
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Experimental set-up for application of uniaxial strain

( ) 2

3 1
2
t xx
L L
δε ⎛ ⎞= −⎜ ⎟
⎝ ⎠

The method is valid for:  
L>> 10δmax  and -1.5% < ε < 1.5%

• SU8 photo resist epoxy-based polymer
• PMMA beam substrate (2.9x12.0x70) 

mm3

• x = 10.44mm
• L = 70 mm

δ: deflection of the beam neutral axis
L: span of the beam
t : beam thicknessMaterials & Geometry

Mechanical strain at the top of the beam

Bare (just attached) flake

Embedded flake

F1
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Raman shift (cm-1)
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Typical Raman spectra
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Double resonance

The activation process for the D peak is a 4th order transition as follows: 
1. Laser induced e/h excitation
2. e-phonon scattering 
3. defect scattering
4. e/h recombination

Eigenvectors of G+ and G- modes:
perpendicular to each other with G-

polarized along the strain, ε, axis 
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G mode under strain in tension & compression

F1
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Linear behaviour (no residual strain present)

Tsoukleri et al, SMALL, 5/21, 2397-02 (2009)
Frank et al, ACS-Nano, 4/6, 3131-38 (2010)]
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2D Peak (embedded flakes)

Tsoukleri et al, SMALL, 5/21, 2397-02 (2009)
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2D-peak strain sensitivity for various graphitic materials 
(excluding CNT)

Tsoukleri et al, SMALL, 5/21, 2397-02 (2009)
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Compression of graphene flakes - 2D peak
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2w
k

c ∝ε Euler formula for thin shells

2

⎟
⎠
⎞

⎜
⎝
⎛ +=

mw
l

l
mwk

l – length (dimension parallel to strain)
w – width
m – number of half‐waves to appear at the critical load

Sample εc (%) * k / w2 (μm-2) k l (μm) w (μm)

F1 -1.25 0.028 89.12 6 56

F2 -0.64 0.011 22.71 11 50

F3 -0.53 0.006 4.02 56 25

*εc determined from the 2nd order polynomials as maxima

Critical buckling strain of graphene
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Critical buckling strain of graphene (considered as a “thin shell”)

2

12
D h
C
=

2

2c
k D
w C
πε ⎛ ⎞= ⎜ ⎟

⎝ ⎠

The ratio of flexural, D,  to tension, C, rigidities for uniaxial tension and bending 
is given by (h= the thickness of the plate/ shell) :

where w is the width of the flake and k is a geometric term. The tension rigidity  is C=340 GPa nm 
(experimental) and flexural rigidity, D=3.18 GPa nm3. 

The critical strain, εc, for the buckling of a rectangular thin shell under uniaxial 
compression is given by 

For an infinitely thin layer in air,  critical buckling strain yields only ≈10-9

The observed εc value of the embedded flake F1 (0.64%) is remarkably high
compared to the suspended one. This can be attributed to the support provided by the 
polymer matrix.  
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ResultsResults

* 2
* 3

2 ,   12 MPa embedded
c

k D D m
w C

πε μ= =For supported (embedded) flake:

ba
w
k

c += ε2

slope

Linear dependence:  Euler regime still applies for the embedded flake!

-2m 03.0 μ−=a

The modified flexural rigidity in the presence of the polymer is 6
orders of magnitude higher than for the suspended in air !!!
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Analytical Treatment…
(towards the development of a universal stress sensor)
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The secular equation for E2g mode of graphene under strain is given by:

( )
0

( )
xx yy xy

xy xx yy

B A B
A B B A

ε ε λ ε
ε ε ε λ

Α + − −
=

− + −

Solving analytically and ignoring terms higher that ε2:

0

2

2

1

G G
ω ω

ω ν
ε ε
ν

− +∂ ∂⎛ ⎞
+⎜ ⎟∂ ∂⎝ ⎠Α =

−

02 G
ω

ω ν
ε

+∂
Β = + Α

∂

7 21.23 10 cmA −= − ×

6 27.16 10 cmB −= − ×

Deformation potentials: 

Analytical (1/3) 
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11xx Sε ε σ= =

12yy Sε νε σ= − =

For uniaxial stress in graphene, the resulting strains are given by 

or equivalently
11Sε σ=

12S σν
ε

= −

From the analysis earlier we obtain: 

( )11 12

02
G S Sω
σ ω

−∂ Α +Β
=

∂

( )12 11

02
G S Sω
σ ω

+∂ Α +Β
=

∂

For

-1
11 111 / 1.00 TPagraphene grapheneS E= =

-1
12 121 / 0.16 TPagraphene graphiteS E= = −

1 13.5 cm  GPaG
ω
σ

− − −∂
= −

∂

1 11.6 cm  GPaG
ω
σ

+ − −∂
= −

∂

Analytical (2/3) 
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If both components contribute equally to the measured Raman shift then:

( ) ( )11 12 11

0 0

( )
2 4 4G

G G A B S S S A Bω ω
ω σ σ

ω ω
+ −Δ + Δ + + +⎡ ⎤ ⎡ ⎤⎛ ⎞

Δ = = ≈⎜ ⎟ ⎢ ⎥ ⎢ ⎥
⎝ ⎠ ⎣ ⎦ ⎣ ⎦

The theoretical value of the expression in brackets is: 

1 1 1
0~ 5 (cm MPa )ω − − −−

Analytical (3/3) 

The universal value of our grapheneThe universal value of our graphene--based stress sensor !based stress sensor !
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Carbon fibres
(microscale)

Graphene
(nanoscale)

Graphene: 
The ultimate 

molecular strain 
(stress?) sensor

Bennet  (1976)

Stress sensors
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Strain distribution along a short fibre at +0.3%

Goutianos et al,  Composites-Part A, 35/4, 461-475 (2004)
Goutianos, Int. J. Solids & Structures, 40/21, 5521-5538 (2003)
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Goutianos et al,  Composites-Part A, 35/4, 461-475 (2004)
Goutianos, Int. J. Solids & Structures, 40/21, 5521-5538 (2003)
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Last Thoughts

Graphene has great potential for biological and biomedical 
applications. 

The smallest stress/ strain sensor ever known. 

Any collaborations on this new material within the 
biotargeting network are very much welcome


