B

BOISHE STATE UNIYERSITY

Part 1: A brief Introduction to
Graphene Properties, Synthesis, and
Applications

David Estrada
Assistant Professor
Materials Science and Engineering

Global Energy Outlook

(adapted from A. Majumdar, U.S. and Japan Seminar on Nanoscale Heat Transfer, 2007)

© 2012 Boise State University

11/16/2015



Integrated NanoMaterials Laboratory

1:35 == Fundamental
/»7 &Q/ - e Transport
! ('P : < Studies
& Large Scale \\?@}}
= g0 Synthesis z
Next Generation NS T .
Biosensors &
Tissue Engineering .
i‘
%  Integrated ;
(& NanoM ial RN
, < anoMaterials PN 8
Chemical, /}(g Lab D
Biological, & +L aboratory Impact of
Radiation Sensors Nanotechnology

© 2012 Boise State University http://coen.boisestate.edu/inml 3

Outline of the talk

Part 1: A brief Introduction to Graphene
Properties, Synthesis, and Applications
= Review of bonding and structure
= Energy Bands in Solids
= Microscopy Techniques
= Graphene Synthesis and Applications

e e ——

Part 2: Atomic Layer Research in the INML
= Carbon nanotube transistors
= Role of defects in graphene sensing and transport
= Biomolecules to Tissue Engineering in the INML
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Atomic Structure
* electron 9.11 x 1073 kg
proton 1.67 x 1027 kg Atormic amber
neutron 1.67 x 1027 kg
Samied
* Atomic # =number of protons in the nuc.leus or atom Avormic
= of electrons in a neutral species
» Isotope: Determined by number of neutrons in atom
* Ion: Charged atom, unequal number of electrons and protons
AM -
* amu = 1/12 mass of '2C isotope
e Atomic wt =wt of 6.023 x 102* molecules or atoms,
weighted average of all isotopes
e lamu/atom =1 g/mole

© 2015 Boise State University N
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Valence Electrons

* Valence Electrons determine all of the following properties
— Chemical
— Thermal
— Optical
— Electrical

¢ Valence electrons — those in unfilled shells
— Filled shells are more stable

* Valence electrons are most available for bonding

* Example: Carbon (atomic number = 6)
— 15?2 252 2p?

© 2015 Boise State University 6
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* Most elements: Electron configuration not stable.
Element Atomic# Electron configuration
Hydrogen 1 1s1
Helium 2 152 (stable)
Lithium 3 152251
Beryllium 4 152252
Boron 5 1s22s22p1 Adapted from Table 2.2,
Carbon 6 1322522p2 Callister & Rethwisch 9e.
Neon 10 1522s522p6 (stable)
Sodium 11 1522s522p63s'
Magnesium 12 1522s22p63s2
Aluminum 13 1522s22p63s23p'
Argon 18 1522s522p63s523p6 (stable)
Krypton 36 1522s22p63s23p63d 104524p6  (stable)
* Why? Valence (outer) shell usually not filled completely.

© 2015 Boise State University 7

BOISE STATE UNIVERSITY

(D) wn
2
o
5 8 o o &0
O o N = =
Z B |Meta| 2 a qc’
an o L QO O =
mw > QO O
7] 50 o D Nonmetal 8 8 ]
H 1A % " A VA va  via via | He
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Li |Be | > B|C|NJ]JO|F|Ne
LU R ) il LERIRET I 3 O R )
Na|Mg|we we wve wvie vie ———— & e |Al [ Si| P |S |Cl|Ar
EH B [ 23 [ 24 [ 25| 26 |27 [ B[22 30|31 |32 3|3 |35]3%
K |Ca|Sc |Ti|V |Cr|Mn|Fe|Co|Ni|Cu|Zn|Ga|Ge| As|[Se | Br| Kr
37 |35 |35 |40 | 41 | 42 | 43 [ 44 | 45 | 6 | 47 |48 | 49 | 50 | 51 | 52 | 53 | 54
Rb|Sr|Y | Zr |[Nb|Mo| Tc |Ru |Rh | Pd |Ag [Cd | In |[5n |Sb|Te | | | Xe
55 | 56 [me [ 72| 73 | 74 | 75 | 76 | 77 | 78 | 79 |80 | 81 | 82 | 83 | 8 [ 85 [ €6
Cs |Ba |2 | Hf [ Ta | W |Re [Os | Ir | Pt | Au|Hg| Tl | Pb | Bi |Po | At|Rn
87 | B8 [ #v [ 104 | 105 | 106 | 107 | 108 [ 109 | 110
Fr |Ra | % | Rf |Db| Sg | Bh | Hs | Mt | Ds
Electropositive elements: Readily Electronegative elements: Readily
give up electrons to become + ions. acquire electrons to become - ions.
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lonic Bonding

* Large difference in electronegativity is required
* Occurs between + ions and — ions

* Requires electron transfer
Na (metal) CI (nonmetal)
unstable unstable

electron

Na (cation)
stable

ClI (anion)
Coulombic stable

Attraction

© 2015 Boise State University 9

BOISE STATE UNIVELSITY

Covalent Bonding
 Sharing of electrons results in strong bonds

Similar electronegativity ... share electrons

Bonds determined by valence

— s & p orbitals dominate bonding
C: has 4 valence €,

eshared electrons
needs 4 more

CH 4 from carbon atom

H: has 1 valence €,
needs 1 more o. ‘o
Methane: CH,

— eshared electrons
from hydrogen

Electronegativities
are comparable.

© 2015 Boise State University
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Metallic Bonding
* 80 of the ~109 natural elements
are metals

* Valence electrons are released (e/\? {G\J
e o’

from the atom leaving behind a

positively charged ion core, o { o
called a “cation” Qé ° %8 .
* Cations are held together by a o W o We
) @ 9@ °A
sea of electrons Q ) e W
* the bond occurs because the 9@@@‘ C ©
positive cations are attracted to D% DO

the negative electrons.

© 2015 Boise State University
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Secondary bonds
* Fluctuating dipoles

Atomic nucleus

Atomic nucleus ..

Electron cloud
Electron cloud l

&—0

* Permanent dipoles-molecule induced

L
—
Y
Hydrogen
bond

© 2015 Boise State University
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Type Bond Energy Comments

lonic Large! Nondirectional
(ceramics)

Covalent Variable Directional
large-Diamond (semiconductors, ceramics
small-Bismuth polymer chains)

Metallic Variable Nondirectional
large-Tungsten (metals)
small-Mercury

Secondary smallest Directional

inter-chain (polymer)
inter-molecular

BOISE STATE UNIVERSITY

Ceramics and Semiconductors
(lonic & covalent bonding):

by LT G
s RS
o

Metals

(Metallic bonding):

Polymers
(Covalent & Secondary):

Secop,

Ilui".a'.’"b:::ing

© 2015 Boise State University

Large bond energy
large T,
large E
small o

Variable bond energy
moderate T,,
moderate £
moderate o

Directional Properties
Secondary bonding dominates
small T,
small E
large a.

11/16/2015
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Bonding and Crystal Structure
g W coguly
- %[. %l”) ': Tf ) N
s «;r_':,“‘- -3 V +U(r) |w(r)=Ey(r)
SRyl B 2m
Electrical properties span 20 orders of magnitude!
A overlap . . I‘J -
\
B Fermi level  fBandgap T
3
. - 5 )
1 2 .
{ﬂk’ —E'fk+;[/gq£ =0.
metal semiconductor msulator
* Properties of a material depend on the crystal structure.
* Electrons in a crystal are subject to periodic potentials.

© 2015 Boise State University 15
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Energy Bands in Solids

10-] \/4 7, \{ =
L\ /g NLRN
? .5-7 ~d 1 5
—iT Si GaAs 10

11]—\\‘/ \ """--—.-/ -

L r X WK r L r X WK r

k
(B \

|~k -E Jck +3 Vet =0.

\ Zm G

* Parabolic relation between energy and momentum

* Effective mass of an electron relates to the curvature of the band
* Forbidden energy states!

© 2015 Boise State University 16
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Optical resolution ~ diffraction limited
For higher resolution need higher frequency
— X-Rays? Difficult to focus.

— Electrons

» wavelengths ca. 3 pm (0.003 nm)
— (Magnification - 1,000,000X)
» Atomic resolution possible
 Electron beam focused by magnetic lenses.

— Atomic Forces

» Sensing atomic interactions between a cantilever
and a surface allows for direct correlation of
structure and properties

© 2012 Boise State University

Scanning Electron Microscopy

Analysis of scattered electrons can
produce images, crystallographic
information, and elemental analysis

Diagram courtesy of lowa State University

© 2012 Boise State University




Scanning Electron Images

Dislocations Helical carbon nanotubes

Fig. 4.7, Callister & Rethwisch 9e.
(Courtesy of M. R. Plichta, Michigan
Technological University.)

© 2012 Boise State University

Transmission Electron Microscopy

Scanning Electron Transmission
Microscope Electron Microscope
D Source D
- Condenser /.
. . — Sample
= =
T Objective 0 =
Scan Coils l I System
=|
. . . . Projector Lens
s Screen
Sample Detector

* TEM uses transmitted electrons to produce an image rather
than secondary electrons

» Transmission through the sample produces diffraction patterns

» Higher energy - Higher Resolution

© 2012 Boise State University
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Transmission Electron Microscope Images

2-D TMDC crstals

Nanopore Formation

© 2012 Boise State University

Scanning Tunneling Microscopy

* Developed by Gerd Binnig and Heinrich Rohrer at the
IBM Zurich Research Laboratory in 1982.

Rohrer

* The two shared half of the 1986 Nobel Prize in physics for
developing STM.

« STM has fathered a host of new atomic probe techniques:
Atomic Force Microscopy, Scanning Tunneling Spectroscopy, Magnetic
Force Microscopy, Scanning Acoustic Microscopy, etc.

© 2012 Boise State University
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Basic Principles of STM

Bias voltage:
Jwwe  mV -V range

Electrons tunnel between the tip and sample, a small current | is
generated (10 pAto 1 nA).

| proportional to e*9, | decreases by a factor of 10 when d is
increased by 1 A.

© 2012 Boise State University

Interesting Images with STM

Carbon monoxide
molecules arranged
on a platinum (111)

surface.

,J:*""‘-!‘\L" : :‘\"\l'\
\i& O3} n
i

g X y "'
e iv'S {f
¢ W

Copper Surface Iron atoms on the surface of Cu(111)

© 2012 Boise State Universi ity
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Atomic Force Microscopy

+ Developed by Gerd Binnig, Calvin Quate, and Christoph
Gerber in 1986

y '/1,
/|
Gerber

Binnig Qu'ate

* First commercial AFM was introduced in 1989.

» AFM tips can be “functionalized” to probe a variety of
physical properties with nanoscale resolution

© 2012 Boise State University

4 Quadrant
Photodetector

Substrate

© 2012 Boise State University
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Atomic Force Microscopy

Scanning Joule Expansion Microscopy
MoS, 500 nm x 500 nm scan

0 5 10 15 um

450

226

0 5 10 15um

RecA coated DNA (1 x 1 um scan)

© 2012 Boise State University

BOISE STATE UNIVELSITY

i C i N
Cartron Narogen
&

i s

5

Phaiphiosus
1

1

As

Arvenic
in

pe—ym—

Diamond

Graphite

lonsdaleite

C60 Buckminster Fullerene
C540

C70

Amorphous Carbon
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Graphene: A 2D Building Block

o

o o
/ %7 a.’;:_,.f 3 ===
el =
=
(oY e
\ ‘; _LE%_:% =
==
—_—
= ===
Geim and Novoselov, Nature Materials, 2007 :ﬁ: ===

* If you can isolate a single sheet from graphite you get graphene.
* Physical properties return to bulk graphite after 10 layers.

© 2015 Boise State University

BOISE STATE UNIVERSITY

Crystal Structure of Graphene

2m

{ " g2 +U(r)}//(r) =Ey(r)

k.a

k,a
E(k,.k,) = J_r}/O\/1+4cos@cos%+4cos2 %

© 2015 Boise State University
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Energy Bands in Graphene

* Energy bands are linear near the K and K’ points of the reciprocal lattice.
* Massless Dirac Fermions with a Fermi velocity of ¢/300 ~1 x 106 m/s.

e Energy bands are symmetric = equal electron and hole mobilities.

* Bands touch at the “Dirac Point” = no band gap, zero density of states.
e Graphene is semi-metal or zero-band gap semiconductor.

BOISE STATE UNIVELSITY

Graphene has great electrical,
thermal, mechanical, and optical
properties!

* Symmetric energy band = equal

electron & hole mobility, 10-100x
higher than Si

* Large optical phonon energy (0.18
eV vs. 0.06 eV in Si)

» Atomically thin = High optical
transparency and surface to volume
ratio

* Strong o bonds = high thermal
conductivity k = 20 x kg

* Emerging applications in layer-by-
layer (LBL) assembled vdW solids

© 2015 Boise State University

Field-Effect Transistors
Ay =
-\

M.-H. Bae, et al. Nano Lett. (2012)

K. Novoselov, et al. Science (2004)

Interconnects and Sensors

R.-H.Kim et al., Nano Lett. (2011) Salehi-Khojin, et al., Adv. Mat. (2012)

LBL Assembled vdW Solids

A s sio. Gra Gr,

11/16/2015
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Graphene Superlatives

* Thinnest imaginable material.

* Strongest material ever measured.

» Stiffest material known

* Most stretchable crystal.

* Record thermal conductivity. !

* Highest current density at room temperature. (10°>copper)

* Highest intrinsic mobility. (100 times > Si)

* Lightest charge carriers. (zero rest mass)

* Longest mean free path.

*  Most impermeable membrane. <
B

© 2015 Boise State University
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CVD Growth

Substrate Quartz Tube

LY
Controlled Gas Flow \
CH
Exhaust
H; b —
|

1" Quartz tube LPCVD furnace

X.Li, et al, Science (2009)

* Graphene grown directly on Cu foil at 1000 °C

* CVD growth of graphene = polycrystalline films

* Graphene is transferred by etching of Cu foil in FeCl,

* Films are annealed in Ar/H, at 400 °C to remove residue

A.Salehi-Khojin / D. Estrada, et al., Advanced Materials 24, 53-57 (2012)

© 2015 Boise State University
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Mechanical Exfoliation

Graphite flakes Scotch tape

AR TN

Nobel 2010

Y. Hernadez, et al., Nat. Nano (2008)

Novoseloy, K. S. et al. ,Science (2004)

Novoselovy, X. et al. ,Science (2009)
D. Li, et al., Nat. Nano (2008)

BOISE STATE UNIVELSITY

Graphene Quality and Synthesis

Mechanical exfoliation
(research,
CVD prototyping)

(coating, bio, transparent
%0 conductive layers, ‘
s e electronics, Q

- photonics)

A

i
y

SiC -
(electronics, 1%
RF transistors)

Molecular
assembly
(nanoelectronics)

Liquid-phase exfoliation

. &t Fy
6—% # (coating, composites,
$ & inks, energy storage,

» bio, transparent conductive layers)

r{V“‘?{@

Novoselov, Nature (2012)

Price (for mass production)

© 2015 Boise State University
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Key Applications

Energy

Biomedical Storage

Electronics/

Printed
Electronics

Structures &
Coatings

© 2015 Boise State University
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Electrostatic Doping of Graphene

Increasing electrostatic potential

© 2015 Boise State University

Positive electrostatic potential lowers electron energy (or effectively raises Fermi

Local carrier density and type can be changed by applying an electrostatic potential.
Use in graphene Field-Effect Transistors (FET).

11/16/2015
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Graphene FETs

* 3-terminal FET fabricated using ‘tape’ method [1] from natural flake
graphite and e-beam lithography.

_l:= | Vp=0 \iSD
Graphene TVAWPd i
Si0, |300 nm

[1] Novoselov et al., Science (2004)

© 2015 Boise State University
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Carrier Mobility in Graphene

10° g . : 3 p : —10°
- suspended graphene

[} s ( (T=230K) I\r‘ 5 Abundance:
o~ 10 3 graphene on SiO, 110" @ #10
5 ] V\{ =2 #2 i
~ & .
= . 1100 & #15C
° =
2] 5 #35 Ga
o
#53 Ge
@ #55 As
#61 Sb
#67 In

© 2015 Boise State University

—— Ti/Au
Ti/Au/Pd

11/16/2015
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Wafer Scale and Beyond

Rahimi, ACS Nano, 2014

Average mobilities of ~2500 cm?/V-s with
75% yield.

Roll to roll production on copper foils.

Bae, Nat. Nano. (2010)

© 2015 Boise State University
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Water Purification

© 2015 Boise State University 42
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laP st Biomedical

Graphene

=
g
£ H
E Membrane i
3 H
-0 3
umbaane Constant s.c.d.
_zplY  nancpore
| | L \
—200 —100 0 200 200
Event duralion sl
© 2015 Boise State University 43
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B With IGF-1

Lorenzoni, Sci. Reports (2013) Bajaj, Adv. Health. Materials (2013)

Biomedical

Day 4

Planar graphene has been used to pattern and differentiate stem cells.
Cell growth aligns with graphene patterns.

Graphene enhances differentiation over supporting substrate.
Mechanical crosstalk only investigated mechanism.

© 2015 Boise State University 44
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Composites

Conduetivity, o (S mri)

101

107 -

o 1 L 1 L
00| 05 1.0 15
o1 Filler volume fraction, ¢ {vol.%)

Large scale exfoliation and reduction of
graphene oxide can be used to tune the
electrical properties of graphene
polystyrene composites.

Stankovich, Nature (2006)

BOISE STATE UNIVELSITY

Composites

pristine Epoxy
Nanocomposite (0.1% wt SWNT)
£ Nanocompasite (0.1% wt MWNT)

a
=

F 70 Nanccomposite (0.1% weGrL)
B
]
50
g Uttimate
Ew Tarsile
2@
F 30
g
20
Failing
10 T ) Stress
0 H H
Degassing under vacuum s H
High Specd Shoar Mixing p) H P —— 1
(b) £ Experimental Data ity 2 H
(b) 4 B Theoretical Results i
a5 H
g i
G 3 H
' i Strain ¢ —# Failing
2 4 el Strain
H
2 2
¥ s
2
1
os
o
Pristine o1%wt 0.1% wt .
o MWNT gty iy Rafiee, ACS Nano, 2009
© 2015 Boi: te University 46
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Energy Storage

Expansion Exfoliation .
oh
Thermal bt l-uu..d;_,aew
" |7 tultrasonication) Graphene or RGO RGO composite
Expandable
raphite [ ]
i Direct exfoliation Chemical, thermal, electrochemical
Pristine
Liquid phase
{ultrasonicalion, electrochemical,
shear mixing)
Functionalization with
s.0. #-OH w0 OH electroactive materials
Standard
P Liquid phase
Huitiviees (stirring, e —_—
method ultrasonication)

. GO composite
et sraphite oxide RoRaton

Raccichini, Nature Materials (2015)

© 2015 Boise State University
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Energy Storage

Graphene paper
furentootiector) Randomly stacked layers of

graphene nanoplatelets enhance
My charge storage in Li+, and Na+
batteries. Enable flexible batteries.

Separator

Lithiated graphene paper

{anode Bucurrent collector)
Yakobson, J. Phys. Chem. Lett. (2013) 100
g 80
£ m
ER _.
Graphene supercapacitors store as g i eemenes
much energy as Ni metal hydride % .
batteries (~70 Wh/kg) g

o 2 4 L] 8
Current Density (A/g)

Liu, Nano Lett. 2010

© 2015 Boise State University
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Printed and Electronics

* Graphene inks are
now commercially
available.

* Device mobilities as
high as ~100 cm,/V-s
have been reported

oo’ 2) for Graphene on SiO,,.

_ -V =20V —

ER s and ~1000 cm?/V-s

x10° Vo= =

o / for graphene on hBN.

W gxm'h\j V=2V
0 -0 20 -30 40 -50 60 20 10 0 -0 20 -30

Vs (V) Vs V)

© 2015 Boise State University
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Part 2: Atomic Layer Research in
the Integrated NanoMaterials Lab

Nz

7

David Estrada

Assistant Professor
Materials Science and Engineering Department

11/16/2015
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U.S. Energy Consumption in 2011

Computers and
buildings
account for
almost 50% of
U.S. energy use.

B United States

B OECD America
(Non-US)
H OECD Europe

H OECD Asia

E. Pop, Nano Research 3, 147 (2010)

= Non OECD http://buildingsdatabook.eren.doe.gov/default.aspx

* Consumed 1/5 of the global energy produced in 2011.
* Consumed more than any other Organization for Economic Cooperation and
Development (OECD) member country.

* 80% of U.S. energy is produced by fossil fuels, and ~ 50% of is rejected before
end use. - Heat loss!

U.S. Energy Information Administration (http://205.254.135.7/)

© 2012 Boise State University 51

Data Center Related Power Use (GW) Power Density of CPUs
35 &g A AMD Pentium 4
30 (2005)
% Codling § = Intel \
<100 A ® PowerPC
20 Netwarling =
c
16 8
10 Storage S 0t eal
9 Servers & [ Tl | Core 2 Duo
o = I I I 2 (2006)  Atom
c o [ c @ (2008)
P8 F§ F§ ° SR
£ < = 1990 1994 1998 2002 2006 2010
2000 2005 2010 Year

* Cloud computing 5t largest energy consumer in the world.
* Power density of CPUs has been increasing, reached air cooling limit of Silicon.

* Data centers + 100 million PCs + displays + cooling = 5 % of nation-wide power
budget in 2007 = 1/3 by 2025. E. Pop, Nano Research 3, 147 (2010)

http://www.energystar.gov/

Green Peace, Climate Report (2012)

© 2012 Boise State University 52
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INML: Top-Down & Bottom Up Solutlons

D. Estrada and E. Pop, APL (2011)

Energy Harvesting &

Thermal Management _
(Power Dissipation, Thermoelectrics, Heat spreaders)- -

M.-H. Bae, Z. =Y. Ong, D. Estrada
and E. Pop, Nano Lett. (2010)

Practical Applications &
Fundamental Understanding

A. Salehi/D. Estrada, et
al., Adv. Mat. (2012)

S L4 il

. Estrada, et. al, Nanotechnology. (2011)

Energy Efficient .
Devices D. EscraMdaTIFStijmI:lir:o

Res. (2012)

(FETs, Memory, and Sensors)
F. Xiong, A. Liao, D. Estrada , and E. Pop, Science. (2011)

© 2012 Boise State University

INML: Materials Solutions
Energy Harvesting &

[ e
Thermal Management =1
{Power Dissipation, Thermoelectrics, Heat spreaders} K‘%E‘
-?"*-
CNTs UNCD e
. beavy
Graphene Bi,Te, [l
“‘-"‘.'h

Nanomaterials
Enable New Sclutions

MX,

Energy Efficient

Devices
(FETs, Memory, and Sensors)

© 2012 Boise State University
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Properties of Carbon Nanomaterials

S

200 meV

-

.
Lo L T

L 160mev
e

tx
» Great electrical and thermal properties = low power dissipation!

* Symmetric energy band, equal electron & hole mobility, 10-100x higher

than Si: less scattering

* Large optical phonon energy (0.18 eV vs. 0.06 eV in Si) : less scattering

* Strong o bonds = high thermal conductivity k = 20 x kg

» Gate tuning of carrier density and power dissipation

© 2012 Boise State University 55

Outline of Part 2

Carbon Nanotube Thin-Film Transistors
= Direct Imaging of Power Dissipation
= Effects of CNT-CNT Junctions on Reliability

Graphene Chemical Sensitivity
= Graphene Growth by Chemical Vapor Deposition
= Role of Linear Defects in Sensing

Thermal Transport in CVD Graphene
= Suspended Thermometry Platform \
® |n-plane and cross-plane thermal conductivity _-

measurements

Nanobiotechnology Research in the INML
= Nanopores and graphene bioscaffolds

© 2012 Boise State University 56
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Carbon Nanotube Network Transistors

Sun, et. al, Nature Nano., 6, (2011)

Ref. 26
Ref. 13 (organic crystel)  Rel 2
a2 N e LIPS
* \ B-Si
Ret. 21 A A5\ .*/
* ? wa* * - 'ﬁ- - Ref 24
A (InGaZnG)
. " L5

-k

Rt 25
{organic)

#
Ref. 18
Ref & / a5

3 Organic??
3| e This study

1| & Other nanatube TFTs

+| @ p-5i, a-5i, oxide, organic

10° o et w1t et et W ek
On/off ratia

* CNT networks (CNNs) have lower performance than single CNTs (L, |on/logr)-
* CNN thin-film-transistors (TFTs) show promise as energy efficient display drivers.

* Low thermal conductivity substrates affect TFT performance
-> Self heating and reliability.

* IR microscopy and electrical breakdown can be used to investigate power dissipation
and reliability in CNN TFTs

© 2012 Boise State University 57

IR Imaging of CNN - TFTs

* QFl InfraScope Micro-Thermal Imager

* Specifications:15X objective, spatial resolution 2.8 um and 0.1 K temperature
resolution

* IR radiation of wavelength from 2 to 4 um
* Stage temperature 70 °C

D. Estrada and E. Pop, Applied Physics Letters 98, 073102 (2011)

© 2012 Boise State University
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IR Imaging of CNN - TFTs

* Irregular breakdown pattern bears
the imprint of the hotspot

* Channel temperature near
breakdown << 600 °C

e Large drop in the P-V curve
indicates break in the film

* Temperature profile signature of
percolation

W
S

Power (mWw)
- NN W
= - .-

TBD _To =PBD XRHI

S wv

0 10 20 30 40 50
Vgp )

D. Estrada and E. Pop, Applied Physics Lewers 98, 073102 (2011)

© 2012 Boise State University

Thermal Modeling of CNN-TFT

lg=03wKim?

600 °C
7 Ty — Ty T,
Rypor = (t S ) 3.49 x 107 K/W
Y2 ¥ P 104.5 °C
R-—1 462.9 K/W
gxLe 101.4°C
ty 4.46 x 103 K/W
Rox = o 4 71.5°C
o 223.6 K/W
R.=— o
5 e W 70°C

R, = Ryopxn, A = 4.4 x 101 K/W (2.27 pW/K), 2.06 x 106 m2 K W

R7or = 3.38-3.50 x 107 K W~ for g = 0.05 - 0.6 W K m

Other work: 3.3 x 101 K W (3 pW/K), 1 x 107 m2 K W-!
Zhong, et. al, PRB (2006)

Prasher, etal, PRL (2009) 5 Etrada and E. Pop, Applied Physics Letters 98, 073102 (2011)
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CNT Network Morphology

+ -
106 Optimized Open sy mh_uls
. b *as TP calculated from
1°) . 3% pulsed
10k * measurements
£ W+ ESP
g 0 "o
= 10° - *s i =
o @ R R X
100 i A e DF
ook . .
0 20 40 60

Mobility (em?/(V-s))

* Aerosol CVD of CNTs and deposition methods can result in drastically
different network morphologies.

* Network morphology affects CNT-CNT junction areas = device mobility.
* Greater CNT alignment and reduced junctions areas improve device

pe rforma nce. M. Timmermans, D. Estrada, et. al, Nano Research 5, 307 (2012)
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Reducing Junction Resistance

°C

40 60 80 100120 80 120 160 200
¥ (um) y (pm)

« Use of monodisperse CNTs reduces the number Schottky barriers in the
network = reduced resistance and uniform power dissipation.

* Thermal resistance of junctions can be used to solder together CNTs.

A. Behnam, et al., ACS Nano 7, 482 (2013) J. W. Do, D. Estrada, et al., Nano Letters 13, 5844 (2013)
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Building Related Energy Consumption

Residential Energy WSpace  pemend Sontoled eniion 00V
Consumption By End Use Heating =~ "'t nesed LA
W Space / 3 ‘ / /
Cooling il "'I.
5% N Water S
6% Heating / F
W Lighting 4‘
¥ Electronics
40% reduction in energy usage
» Other http://www.comag-ir.com/

= U.S. Buildings sector = 7% of global
power consumption in 2010.

= Adjust the ventilation rate based on
pollutants level
= Potential to reduce heating & cooling

= 28 % of U.S. CO, emissions can be traced
costs

to HVAC systems. -
http://buildingsdatabook.eren.doe.gov/ . Refreshable, sensmve, and Cheap’

pollutant detectors needed

© 2012 Boise State University
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00
A. Salehi-Khojin, et al., Science (2010) 10

20
@ Gate (V)
Y. Dan, et al., Nano Letters (2009)

30 40

Methanol, Ethanol, 2-Propanol, 1-Propanol, 2-Butanol, Benzene,
1-Butanol, 3-Methyl-1-Butanol, Toluene

i

-10 Sitpones \ \f'\ 1
A3 ’—‘h—_&\ i.f

.jglimsponse GO ﬁlm\.
90 120 150 180 210 240 270 300 330 0 100 200 300

fime J.T. Robi tal. Nan Leters (2008
A. Salehi-Khajin, et al., Nanoscale (2011) -T. Robinson, et al., Nano Letters (2008)

= 0-D defects in CNT sensors show to enhance sensitivity/selectivity
-> Physics approach vs. chemical approach

= Graphene intrinsic response below that of CNTs, even for rGO films!
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Graphene Growth by CVD

Substrate Quartz Tube

\
Controlled Gas Flow L \
= \
|

CH,
H, mmgh— -

| e
| |
X.Li, et al, Science (2009) |~—7_ =

1” Quartz tube LPCVD furnace

* Graphene grown directly on Cu foil at 1000 °C
* CVD growth of graphene = polycrystalline films
* Graphene is transferred by etching of Cu foil in FeCl,

* Films are annealed in Ar/H, at 400 °C to remove residue

A.Salehi-Khojin / D. Estrada, et al., Advanced Materials 24, 53-57 (2012)

© 2012 Boise State University

2500 —— pristinegraphene " AFM and Raman

m —— defected graphene|
E 2000 Spectroscopy reveal
=3
S 4500 20 defective nature of CVD
©
= graphene
= 1000 .
5 = Raman mapping shows our
£ st growth varies between

0 mono and bilayer graphene

1200 1600 2000 2400 2800

Raman shift (cm™) = The “crystallite” size is
~ 80 nm

= Can line defects enhance

chemical sensitivity?
200

150

L, ~lp/ls
100

#layers ~ l,p/15
o

A.Salehi-Khojin / D. Estrada, et al., Advanced Materials 24, 53-57 (2012)

50
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Sensor Response to Trace Gas Vapors

Toluene 1,2-dichlorobenzene

—=— Graphene
—=— Graphene Ribbon
—=—Pristine Graphene

—=—Graphene
—s— Graphene Ribbon
—s— Pristine Graphene

AGIG(%)
N

4
1
2
0 0
0 10 20 30 40 50 60 0 30 60 90 120 150 180
Time (s) Time (s)
6 Toluene 1 1,2-dichlorobenzene
12
5 - o
< —— S @10 —D’rp\%/
=4 AN — <5 —o— Graphene Ribbon
o3 o —=—Graphene
b §,+\% % o 6 A~ Carbon Nanotube
=22 \* 3, A
—01— Graphene Ribbon AL I 1
1 —a—Graphene 2 CE i
—A— Carbon Nanotube o
0
0 70 140 210 280 350 420 70 140 210 280 350 420 v
Applied Voltage (mV) Applied Voltage (mV) x -

* CVD graphene ribbons show high sensitivity to 101* molecules of toluene and 10%> molecules
of dichlorobenzene = ppb sensitivity

* Confining current flow through linear defects allows polar molecules to modulate device
conductance

* Defects in graphene enhance chemical sensitivity  Asalehi-khojin / . Estrada, et al., Advanced Materials 24, 53-57 (2012)
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Other Ways of Obtaining Graphene

Mechanical Exfoliation

Graphite flakes Scotch tape

D 1 E 3

|
Nobel 2010

Novoseloy, K. S. et al. ,Science (2004)
Novoseloy, X. et al. , Science (2009) Y. Hernadez, et al., Nat. Nano (2008)
D. Li, et al., Nat. Nano (2008)
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Other Graphene Chemical Sensor Studies

APPLIED PHYSICS LETTERS 100, 033111 (2012)

Chemical sensors based on randomly stacked graphene flakes

Amin Salehi-Khajin,"”* David Estrada,*® Kevin Y. Lin,' Ke Ran,*® Richard T. Haasch,®
Jian-Min Zuo,*® Eric Pop,*** and Richard |. Masel™*

of Chemical and University of Hlinois at Urbana-Champaign.
hy Urbana, Iilinois 61501, USA
21/nm *Department of Elecirical and Computer Engineering, University of llinois at Urbana-Chantpaign, Urbana,

IMlinois 61801, USA

‘Micro and Nanotechnology Lab, University of Hiinois at Urbana-Champaign, Urbana, Hlinois 61801, USA
“Department of Material Science and Engineering, University of Ilinois at Urbana-Champaiga, Urbana
IMlirois 61801,
“Materials Research Laboratory, University of linais at Urbana-Champaign, Urbana, Ilinois 61801, USA
“Beckman Institute, University of Nlinois at Urbana-Champaign, Urbana, illinais 61301 USA
"Dioxide Materials, 60 Hazelwood Dr., Champaign, llinois 61820, USA

! NJ‘ \NO ) -
b 5 pbs scsarabanalet

The Role of External Defects in Chemical Sensing of Graphene Field-
Effect Transistors

B, Kumr,' K Min," M. Bashirzadeh," A, Barati Faciowani,’ M-H. Bag"" D, Bswada! Y. D, Kim*
P Yasaei,! ¥. 1. Park,” B Pop,' N. R Aluru? and A. Salchi-Khojin®

© 2012 Boise State University

Thermal Conductivity of Carbon Allotropes

Can we tune thermal transport properties ?

E Diamond SWCNT Suspended graphene
10,000 Graphite .
E In-plane
~ 1000f %ﬁ*" e seonetal)
iV ' E s
£ E e =
E 100
g E Cross-plane
E] 10k ~
i F Amorphous . <=
5 E
© F carbon
g 1k
£ E
g E
= [
m? Supported polycrystalline graphene?
o.o1L Control through defect engineering?

A. A. Balandin Nat. Mater. 10, 569 (2011)

R. Prasher, Science 328, 185 (2010)

J. H. Seol et al., Science 328, 213 (2010)
http://www.chemicool.com/elements/carbon.html

Weaken cross-plane coupling?

Tune thermal anisotropy?

1.
2.
3.
4.
5.

Transparent heat spreaders?
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Linear Defects in Large Scale Graphene Films

Graphene

e m
Graphite () (Suspended)

! Ho1972 W g
Exfoliated L] -
Graphene (supported) ™ B .'q
~ 10° ESeoul 2010 1
=
X ?
=
E *
g *
¥ 10%E * ? CVD Graphene
(supported)
Cai-2010 GNR

2 GNRs
iﬂﬂ? éapg,-,?w BaIe/Ll 2.013
100 200 300400
Temperature (K)

* Grain boundary structure varies greatly in polycrystalline CVD graphene films

A. Serov and E. Pop, APL (2013)

i1y = B
1. Koepke, et al, ACS Nano (2013)

* Significant carrier scattering observed by STM at grain boundaries
* Theory predicts significant phonon scattering at grain boundaries (gepends on type)

* Extrinsic influences = tunable thermal transport in low-dimensional crystal

Chen -2012 R. Prasher, Science (2010)

© 2012 Boise State University

Suspended Thermometry Platform Fabri

Ti/Pd Electrodes
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=~ 100 to 200 nm

Al,O4/Si;N; 3 supporting membrane
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Si Carrier wafer 130 um
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Suspended Electrical Thermometry Platform
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* Devices are wirebonded to a leaded chip carrier and placed inside a Janis VTPS for
measurements (80 to 450 K)
* Graphene films are characterized by Raman, absorbance, AFM, and XPS.

© 2012 Boise State University s

Suspended Electrical Thermometry Platform

a so ———— b
0.6
—=— Heater T=400 K —=— Heater
404 —*— G Sensor 051 —o— G Sensor ]
——Si,N, , Sensor ——Si,N, , Sensor
30/ B} 0.44
c) 2 o3
o 204 a*
< @ 02]
<
101 0.1
AT =P xRy, «22® 5V = | xR oo
0 20 40 60 80 100 120 140 160 180 200 0 100 2°_|‘_’ K 300 400
Py (uW) d (K)
1800 . . . . 0.20 . , .
—=— Heater dr dR
1600 - —=— Graphene Sensor dP /—
——Si,N, Sensor 0.15 dT
1400 —
<
— =
S 1200 g 0.104
o T
1000 R-T calibrati =
-T calibration > 0,05/ Heater
8001 —— G Sensor
——S8i,N, , Sensor
600 . . . . 0.00 | T , .
0 100 200 300 400 500 0 100 200 300 400
T (K) T (K)
© 2012 Boise State University 74

37



Suspended Electrical Thermometry Platform
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Thermal conductivity is limited by grain size and substrate scattering (N<4)

© 2012 Boise State University

01 1
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Cross-Plane Thermal Measurements
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Cross-plane thermal conductivity is 2x< exfoliated = tunable anisotropy
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Thermal Transport Across Grain Boundaries
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P. Yasaei, et al. Nano Letters, ASAP (2015)

* Direct electrical thermometry of CVD graphene with and without a GB reveals
strong phonon scattering at GBs.

* Thermal conductivity decreases with increased GB misalighment = increased
structural disorder near the GB.

© 2012 Boise State University 77

U.S. Healthcare Expenditures

$9,000 - $8,402
$8,149 —
7,911 P51
$8,000 - s7.628 >0
$7,251
1 $6,868 [
$7,000 $6,488 [
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@
o
=]
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$3,000 + $2,854

NHE per capita
b4

$2,000 -
$1,110

$1,000 1 6356 ﬂ
$147
= [

$0

1960 1970 1980 1990 2000 2001 2002 2003 2004 2005 2006 2007 2008 2009 2010
NHE as a Share of GDP

52% 7.2% 9.2%

Source: Centers for Medicare and Medicaid Services, Office of the Actuary, National Health Statistics Group, at
http://www.cms.hhs.gov/NationalHealthExpendData/ (see Historical; NHE summary including share of GDP, CY 1960-2010;

Projected to grow to $13,708 in 2020 (~20% of GDP)
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* 7.6 million deaths (around 13%
of all deaths) in 2008.

* About 70% of all cancer deaths
occurred in low- and middle-
income countries

29 -SEP-18

* Deaths projected to continue to
rise to over 13.1 million in 2030.

* High chance of cure if detected
early and treated adequately

H1.58K PA.Bsm

http://www.who.int/
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Nanopores in Graphene

Event blockage (nA}

200
Event duration (us)

N Venkatesan and Bashir, Nat. Nano 2011
Garaj et al.,, Nature, 2010

Interlayer spacing of graphite (graphene thickness) = 0.35 nm
Inter-nucleotide separation in ssDNA = 0.35 - 0.55 nm
» Both were studied by Rosalind Franklin ~60 years ago!
Electrical access and new 2D materials enables new sensing
modalities
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Stacked Dielectric-Graphene Architecture

Current [nA]

-200 -100 o 100 200
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= Stacked architecture allows for electrical access to graphene

= Pore conductance varies with diameter = lower 1/f than graphene only
(1 M KCl, 10 mM Tris, 1 mM EDTA, pH 8)

= A-DNA translocation and structure detected through ionic current blockades

B.M. Venkatesan, D. Estrada, et al., ACS Nano 6, 441 (201,
© 2012 Boise State University 81

DNA-RecA Protein Translocation

B

E
=
&)

-20 Multiple
RecA-DNAs

Current Blockage [nA]
Current Blockage [nA]
Current Blockage [nA]

] o° 10
Time [s] tp [ms]

% of Events

= Signature current blockades observed during DNA-protein translocation
(25 nm pore, 400 mV, 1 M KCl, 10 mM Tris, 1 mM EDTA, pH 8)

= Unique current blockades correspond Free Reca, RecA DNA, and multiple RecA-DNA
translocation events

= Proof of principle experiment shows possibility of using MBD proteins for early
cancer detection

B.M. Venkatesan, D. Estrada, et al., ACS Nano 6, 441 (2012)
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EXPERIMENTAL CONDITIONS

Nanopores:
= Drilled with JEOL 2010F TEM in 20 nm thick
suspended SizN, membrane TEM grid (Norcada) Nanopore
TEM image

= ~ 21 nm diameter nanopore sandwiched between
two flow cells forming only electrical path between
reservoirs

A I Translocation:

= Reservoir electrolyte: 1M KCI, 1X TE buffer

= 7.5 kbp circular DNA: pTYB21 (NEB)

= Axopatch 200B amplifier, Digidata 1440 data
acquisition system (Molecular Devices)

= 100 mV bias

= 10 kHz low pass hardware filter

= Added 50 pM Ethidium Bromide (EtBr)
solution to DNA solution to alter topology

trans -

© 2012 Boise State University 83
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CIRCULAR DNA TRANSLOCATION EVENTS

Translocation of 7.5 kbp circular DNA suggests two distinct
molecular conformations:

= Data analyzed using custom MATLAB
routines and Origin 8.5

bl [T ;
s s = Analyzed ~ 8000 events to determine

%007 0 the maximum current blockade and

8 oo, e translocation time

g & £ = We can identify 2 distinct regions in the
400 Y o . : :

N 3 density plot and histograms which

3 i X | .

Omo] (B2 5 suggests 2 molecular conformations

Translnca?i]cn ';—::r?'le (5.];]

e Region 2: supercoiled branched

500 1000 0
Translocation Time (us) X X
Region 1: circular covalently closed
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AFM IMAGES REVEAL DNA TOPOLOGY

= Optimized sample preparation 1.4nm

= DNA incubated with NiCl, on fresh
cleaved mica for 5 minutes

= Rinsed samples with ultrapure H,O
and gently dried with N,

= AFM imaging

= Tapping mode, Bruker MultiMode 8
AFM

= Image processing with NanoScope
Analysis software

= 2D projection of the DNA in solution

= Representative AFM image demonstrate

initial circular DNA topology PRCRIEE 0 nm

Some branhing, but
generally uniform topology

© 2012 Boise State University
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INTERCALATED CIRCULAR DNA TOPOLOGY:
REGION 4

= Small population of events (~ 5%) with
higher current drop: > 700 pA

= Multiple identifiable current drops

\J

500 1000 1800 2000 2500 i i ; .
Sransiocation Time (us) Further unwinding causing:
200 ms " H
zmm’i additional branched structures

»= secondary branching

GV
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AFM IMAGES OF INTERCALATED DNA

Circular DNA treated with EtBr exhibits significant branching

=  Optimized sample preparation

= DNA incubated with NiCl, and EtBr on
fresh cleaved mica for 5 minutes

1.4 nm

= Rinsed samples with ultrapure H,0
and gently dried with N,

= AFM imaging

= Tapping mode, Bruker MultiMode 8
AFM

= Image processing with NanoScope
Analysis software

= Representative AFM image of intercalated
circular DNA

= Under identical imaging conditions,
observable structural changes to topology

0nm

© 2012 Boise State University
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MOLECULAR DYNAMICS SIMULATIONS

All-atom Molecular Dynamics simulations identify unwinding
due to intercalation:

After treatment with 12 ethidium

Htﬂ{ WATEHS Initial circular DNA structure molecules for 100 ns
Side yiew Front view Side view Front view

SR,

SUSTAINED PETASCATE COMPUTING

Simulation Conditions:
= 750,000 atoms

= 180 base-pair negatively
supercoiled circular DNA
(Lk = 14)

= 1Mion concentration Ethidium initiates a positive supercoiling
and unwinding of the circular DNA

Average total twist changes by 160°

© 2012 Boise State University :
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The Need for Tissue Engineering

e Current waiting list for organ ApaurTls
transplantation exceeds 123,000
(>78,000 active). Working together. Saving lives.

UNOS unites the transplant community to save lives

° Wldenlng gap betWeen patlents and through organ transplantation.
donors. TSR S

Waing lisi canddates as of foday 9

g lst candidates as of &

* Transplantation of vital organs is the
only treatment for end stage organ
failure.

* No such treatments exist for ;
Traumatic Brain Injury (TBI) or §
neuromuscular disorders. :

8483
,,.omo
14530

¢ New materials are needed to mimic nm
cell-cell and cell-ECM interactions. e e mE e

Year end

P. Bajaj, Review of Biomedical Engineering (2014)
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C2C12 Growth on Graphene Foam

* Growth of 2D materials can be extended to 3-dimesions on 3D transition metal foams.
* Selective etching removes metal scaffold = biocompatible 3D scaffold for cell growth
* (C2C12 myoblasts can be seeded on laminin coated graphene foam.
* Confocal fluorescence microscopy of C2C12 cells shows high adhesion to foam walls:

* Red - Alexa Fluor 546 phalloidin (F-actin)

* Blue — DAPI
* Electrical stimulation and defects could play a role in cell growth and differentiation
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Cell Growth for Neural Network

Culture electrically responsive
cells for developing functional
engineered neural networks

PC-12 rat pheochromocytoma
cells

Commonly used to model
neurons

Differentiate into neuron-like
Ce”S Phase co.ntrast image of PC-12 cells in laminin-
coated dish.
In media with 100ng/ml nerve growth factor.
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Using Carbon makes $en$e

ms of Si
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i
=
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3
=
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o
o
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m
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#2 =g
earths at WTO
#15

Major industrial metals in red  RK
Precious metals in purple " .
Rare earth elements in blue Rarest "metals"

1 L 1 " 1L L 1 I 1 L 1 L 1 " 1 n 1 = “
0 10 20 30 40 20 60 o 80 90 R H.Kim, etal. Nano Letters 11, 3881 (2011)

Atomic number, Z

Abundance, atoms of element pe| 10° at

source: hitp://pubs. Usgs. gov/fs/2002/f5087-02

Cost of Indium kg has increased from ~$94.00 to ~$850 this decade.

(http://www.metalbulletin.com/)
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David Estrada, Assistant Professor MSE
Email daveestrada@boisestate.edu

BOISH STATHE UNIVERSITY

Doctoral Committee:

THANK YOU

http://coen.boisestate.edu/inml/

© 2012 Boise State University

BOISH STATH UNIVERSITY

11/16/2015

47



