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 Carbon structures in different dimensions:

1.   The Rise of Graphene

0D 1D 2D 3D

 Graphene consists of a monolayer of carbon atoms in a honeycomb lattice.

 Unique properties promising for a wide range of applications.

 First experimental isolation by Geim’s group in 2004. 
[Novoselov et al, Science (2005).]

 Nobel prize in physics (2010) to Geim and Novoselov.

Fullerene 
(“Bucky ball”)

Carbon Nanotube Graphene Graphite



Unique properties of graphene

e‐

Filtering 
effects of 
graphene

Only electrons 
and protons can 
get through 

Ballistic 
electron 
motion  

96% optical 
transparency

Novel edge 
properties for 
functionalization

Mechanically 
flexible and 
strong

Graphene



Single layer

k

En
er

gy

Bilayer

Two sublattices in the 
honeycomb lattice:

 Massless Dirac fermions near the Dirac point (K, K’).

 Klein tunneling (no reflection by a barrier at normal 
incidence).

 Anomalous quantum Hall effect.

 High thermal conductivity (~5000 W/mK).

 High current-carrying density (~ 1 mA/m width).

 High mobility (~ 20,000 cm2/Vs in as-prepared 
samples, up to 300,000 cm2/Vs if suspended).
 Compared with silicon @ 2,000 cm2/Vs

 Supports ballistic transport over large distances.

 Novel edge states.

 Mechanically extremely strong, with a tensile 
strength 200 times stronger than steel.

Unique properties of graphene



 Optoelectronic applications:
 Solar cells, LED, displays, photo-detectors, lasers, etc.

 Electronic applications:
 Field-effect transistors (FET) for logics; 
 Durable & low-dissipative interconnects; 
 Supercapacitors & batteries for energy storage; 
 2D  compatible with lithographic techniques for 

beyond Si-CMOS.

 Chemical and biological applications:
 Graphene-based sensors; DNA sequencing; 
 Chemical filtering & detoxification;
 Desalination; delivery of medicine, etc.

 Spintronic applications:
 Pure carbon room-temperature magnets, etc.  

 Mechanical applications:
 Super-lubricant; ultra-strong membrane, etc.

 Materials applications:
 Metallic surface passivation;
 Light-weight high-strength materials for vehicles, aircraft, etc.

Promising Applications of Graphene



• In the tight binding approximation and assuming a perfectly ordered infinite system, 
there are 3 covalently bonded sp2 and one 2pz conduction electrons. 

• The resulting E2D(k) band structure is
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Near the “Dirac 
points” K & K'

Electronic Bandstructures of Graphene

K
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Two sublattices in 
the real space:

The first Brillouin 
zone of graphene:

The energy dispersion 
relation of 2D graphene:

First Brillouin zone in 
the reciprocal space:

(Non-equivalent K 
and K valleys)

(Two lattice vectors 
a1 and a2 )



Dirac Cones & Semi-metallic Properties of Graphene

Semi-metallic  Graphene 
(with zero-energy gap):

Conventional semiconductors 
(with finite energy gaps):

• The unique bandstructures of graphene suppress carrier backscattering, 
leading to extremely high mobility.



 The energy dispersion relation 
E(k) ~  ħvf |k| and 2D nature 
leads to a linear density of states 
N(E) ~ |E – EDirac| that vanishes at 
the Dirac point EDirac.

Electronic density of states N(E)

Massless Dirac Fermions & Linear Dispersion Relation
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Cyclotron mass:  m* = (n)1/2/vF
Fermi velocity:     vF ~ 106 m/s
Carrier areal density:  n

Carriers are massless 
at the Dirac point.



• Conductivity ( ) increases linearly with charge density (n):   Vg  n

• Extremely high mobility: ~ 15,000 cm2/Vs in as-prepared, non-optimized samples,
compared to ~ 2,000 cm2/Vs for silicon.

Electron dopedHole doped

Dirac 
point

EF

EF

EF

Graphene bipolar field effect transistors (FETs)



Klein tunneling & chirality of Dirac fermions

Scattering of Dirac electrons 
by a square potential: Transmission probability T() of Dirac electrons:

• A normally incident electron continues propagating as a hole with 100% efficiency, 
similar to photons moving in a medium with negative refraction index.

D = 110 nm

D = 50 nm

[Castro-Neto et al., Rev. Mod. Phys. 81, 109 (2009)]



Hall conductance:
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Magnetic field-induced quantum Hall effects 
(QHE) in graphene

Longitudinal 
resistivity
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conductivity• In graphene, the carrier 

density (n) is related to the 
energy (E), momentum (k) 
and Fermi velocity (vF) by 
the relations (for B = 0):

n = (kF)2/ = (E/vF)2/

• For B > 0, the cyclotron 
frequency (c) is given by:

c= 21/2(vF/l) = (2eB)1/2vF

  2sgn 2n FE n e v B n 

• Landau levels:



• The occurrence of strain-induced zero-field quantum Hall effect (QHE) will 
lead to sharp peaks in the density of states (DOS) at discrete energy levels 
En that can be directly detected with STM.

• Example: strain-induced pseudo-magnetic fields & Landau levels in graphene 

shear strain on graphene strain-induced pseudo-
magnetic fields BS

DOS-vs-energy for 
strained graphene 
under various Bs F. Guinea et al, Nat. Phys. 6 (2010)

Strain-induced pseudo-magnetic fields 
& quantum Hall effects (QHE)



Comparison of graphene conductance in zero, 
finite and pseudo magnetic fields 

Energy (E)

(E)Zero-field 
(H = 0)

Finite field 
(H > 0)

F. Guinea et al, Nat. Phys. 6 (2010)

Strain-induced pseudo-
magnetic field (BS >> 0)

N(E)

E (eV)



Gauge potentials & giant pseudo-magnetic fields 
induced by structural distortions 
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• A two-dimensional strain field uij(x,y) on graphene leads to a gauge (also 
known as the Berry connection) A :

t: nearest hopping constant a: lattice constant 
x-axis: along the zigzag direction  = 2 ~ 3

S  B A

• A non-trivial gauge A leads to a pseudo-magnetic field Bs (also known 
as the Berry curvature) and a magnetic length lB:
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z0: height fluctuation L: length of strained region
u: displacement field : flux quantum

Strained-induced gauge potentials & pseudo-magnetic fields:



Technical challenges for incorporating graphene 

 Mechanical exfoliation from graphite
Labor-intensive & slow production
Not scalable & irregular quality

 Chemical reduction
Multiple toxic processes
Irregular quality & shapes
Significant impurities  

 Chemical vapor deposition
Multiple-step & long-time process
High-temperature growth at ~ 1000 C
Expensive & incompatible with device 
fabrication 

Photo: cse.ksu.edu/REU/S14/rinaldi/

Photo: U.S. Army RDECOM
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2.  New Breakthroughs & Superior Properties 
of Room-Temperature Grown Graphene

 Combined strain-induced pseudo-magnetic fields and charging effects could 
reduce the electronic mobility by orders of magnitude

 Consistent with experimental findings

Solution:
 Room-temperature growth of large-area high-quality graphene on Cu substrates

 Consequences of high-temperature processing:

 Incompatibility with current technology for lithographic device processing
 Growth temperature too high, surfaces too rough & defect density too high for

most lithographic processes.   

 High-density of growth defects result in compromises of mechanical integrity
 Graphene samples typically flakes off into small pieces upon transfer from 

the growth substrate to other surfaces



New Breakthroughs & Superior Properties of 
Room-Temperature Grown Graphene

Oxide + Copper

Hydrogen plasma (+ traces of CN) etch

Graphene + Copper

Plasma enhanced deposition 
(under a constant CH4 gas flow) 

A cleaned copper surface is 
extremely reactive and acts 
like a catalyst to break the C-
H bonds in CH4 and nucleate 
graphene growth.

 A new approach: plasma-assisted chemical vapor deposition (PECVD) 
of graphene at room temperature

D. A. Boyd et al., Nature Communication 6, 6620 (2015)



Experimental setup of the PECVD growth system

[Nat. Comm. 6, 6620 (2015)]



Guided growth of graphene by low-temperature PECVD

20m 20m20m

30m 10m 5m

30m 10m 1m 200nm

a)-d): SEM images of early-
stage PECVD-growth of 
graphene on copper

e): 2D/G Raman spectral 
map of a monolayer PECVD 
graphene; f): D/G Raman 
spectral map of the same 
area; g): Strain map of the 
same   

h)-i): SEM images of second 
layer graphene growth

[Nat. Comm. 6, 6620 (2015)]



Comparison of the atomic order between 
high-T & LT-grown graphene

LT-grown 
on Cu foil

LT-grown on 
Cu (100)

LT-grown on 
Cu (111)

High-T grown 
on Cu foil

Largely  ordered 
structure w/ 
slight distortion

Microscopically 
ordered structure 
w/ Moiré patterns

Microscopically 
ordered structure 
w/ Moiré patterns

Severely 
distorted atomic 
structures



Comparison of microscopic strain between 
high-T & LT-grown graphene

LT-grown 
on Cu foil

LT-grown 
on Cu (100)

LT-grown 
on Cu (111)

High-T grown 
on Cu foil

Large & non-
uniform strain

Smallest 
strain

Small 
strain

Small 
strain

Strain 
histograms
(10x10) nm2

Strain
histograms
(2 x 2) nm2



Intrinsic field-effect mobility measurements 
of LT-grown graphene

 Intrinsic field-effect mobility of large RT-graphene (~ 1 cm2) & transferred to BN:
 Mobility ~ 60,000 cm2/V-s at 300 K, determined from the slope of -vs.-n.

 Better than the highest 
mobility (~ 37,000 
cm2/V-s) taken at 4.2 
K on high-temperature 
CVD-grown graphene 
transferred to BN.

[Nat. Comm. 6, 6620 (2015)]



Promising low-temperature growth for high-
quality large-area graphene

• Superior crystalline properties & mechanical integrity:
 Much reduced strain & much smoother surface morphology.
 Single crystalline samples (up to 1 cm2) & fewer defect densities.

• High-quality spectral characteristics over ~ cm2 areas:

 Reproducible controlled process for monolayer growth.
 Controllable multi-layer growth.
 Industrial-size growth may be achievable.

Many large-scale electrical & mechanical applications 
become feasible.

 Much higher & consistent electrical mobility (~ 60,000 cm2/V-s at 300 K).

 Single-step fast growth ( 5 ~ 15 minutes).
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Major Challenges Facing the Semiconducting Industry

 The ending of Moore’s law 

 The physical dimensions of 
transistors are reaching the 
quantum limit of materials.

 New materials and device 
integration concepts are of 
paramount importance.

 The bottleneck of interconnects 
 Decreasing dimensions of Cu interconnects 

requires more porous low-k films to reduce 
the RC delay time, leading to serious Cu 
electron migration and decreasing threshold 
for dielectric breakdown.



1)  Graphene as barrier material for interconnects 

 Graphene: a single sheet of carbon atoms forming a honeycomb structure.

Graphite
(3D)

 Unique properties of graphene:

Superlubricant graphene-graphene interface;

Optically transparent, etc.

Mechanically flexible & strong (200 times stronger than steel);

Filtering and surface passivation capabilities;

Novel edge properties for functionalization;

Electrically & thermally highly conductive;

Graphene
(2D)

Good properties for 
use as barrier 
material in ULSI 
interconnects



A new generation of interconnects

(Samsung)

CuCu

SiSi SiSi SiSi

SiSi SiSi SiSi

SiSi SiSi SiSi

SiSi SiSi SiSi

Porous Si-based 
low-k dielectrics

Graphene 
barrier

Graphene barrier prevents copper in the 
interconnects from diffusing into the low-k 
dielectrics and provides additional electrical 
and thermal conduction

Example of integrated circuits 
with interconnects:



Technical challenges for incorporating graphene 
into interconnects

 Major technical issues:
1) How to deposit graphene selectively onto metallic nanostructures?

2) How to reduce ionic and UV damages associated with the PECVD 
process to the porous low-k dielectrics in interconnects?

 Our solution:
1) Fine tune PECVD parameters to achieve selective graphene deposition 

on metallic nanostructures and minimize ionic damages to the low-k. 

2) Incorporate a UV absorber to minimize UV-induced damages to low-k 
dielectrics.  

Side view of the UV 
absorber & graphene 
growth configuration

HOPG
PECVD growth chamber 



2)  GNSPs for supercapacitor applications

 Current supercapacitors for energy storage utilize activated carbon, which only 
store charges primarily on its surface. 

 Carbon nanotubes (CNTs) are promising, but uncontrollable variables and high 
costs are inhibitors for commercial applications. 

Activated Carbon

Used in currently 
available super-
capacitors; 2D 
surface storage

CNT Forest

Used in the MIT 
method

CNT Paper

Poor alignment 
for conductivity, 
packing factor 
is relatively low

CNT Filaments

This method allows 
for 3D structures 
with a high packing 
factor, high 
strength and large 
surface area



GNRs for supercapacitor applications

 Graphene nanoribbons (GNRs) are even better candidates than CNTs for charge 
storage, provided that they can be mass produced at a low cost. 

Unzipping CNTs 
into GNRs  

 Exploring seeded growth 
of GNRs by means of 
low-temperature PECVD 
technique.



Synthesis of GNRs via surface-assisted polymerization 
& cyclodehydrogenation of precursor monomers 

 P. Ruffieux et al., Nature 531, 489 (2016)

(a) Large-scale STM image of the
Au(111) surface after deposition of 
monomer 1a on the surface held 
at 475 K. (b) Large-scale STM 
image of the Au(111) surface after 
annealing at 625 K.20 nm 20 nm

Synthetic strategy 
to GNRs with 
zigzag edges:



Single-step high-yield catalytic growth of 
graphene nanostripes (GNSPs) by PECVD

 Seeded PECVD growth of GNSPs:

 SEM image:  Raman spectroscopy:

[C.-C. Hsu et al., Carbon 129, 527 (2018)]
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Turning greenhouse gas into graphene nanostructures 
for semiconducting industry & sustainability

PECVD

CH4
(Greenhouse gas)

 Excellent preliminary results from incorporating 
GNSPs in supercapacitors: Capacitance became 
improved by more than 100% with only ~ 2% 
GNSPs mixed in activated carbon (AC) as the 
activated material.  

 Additionally, strong light absorption (> 99.9%) 
by GNSPs may be applied to photon detection 
and energy conversion.  

(AC + GNSPs)



3)  Achieving long-term stability in the photovoltaic 
hybrid perovskites by graphene passivation

 Organic−inorganic hybrid perovskites, consisting of organic cations   
intercalated in the metal−halogen octahedron frameworks, have 
attracted much interest due to their promising applications in electronics 
and optoelectronics.

Methylammonium (MA) lead iodide 
(CH3NH3PbI3) perovskite The best reported quantum efficiency to 

date was ~ 22%, but the samples would 
degrade within hours. 

 Environmental moisture could lead to 
decomposition of (CH3NH3PbI3) perovskite 
into PbI2 and CH3NH3I. 

Explore possible protection by graphene 

[ W.-S. Tseng et al., Nanoscale 9, 19227 (2017) ]

Stability up to at least 3 months. 



Sample preparation process

[ W.-S. Tseng et al., Nanoscale 9, 19227 (2017) ]



Evolution of XPS C-1s & Pb-4f peaks with time

 XPS C-1s peaks:  XPS Pb-4f peaks:

w/o graphene 
protection

w/o graphene 
protection

with graphene 
protection

with graphene 
protection

[ W.-S. Tseng et al., Nanoscale 9, 19227 (2017) ]



4) Nanoscale strain engineering of graphene for 
novel nanoelectronic devices

Si
Nanostructures Graphene/BN

 Experimental approach to nanoscale strain engineering of graphene:

 Large-scale strain-free graphene is grown by a single-step, room temperature 
PECVD method. 

N.-C. Yeh et al., Acta Mechanica Sinica 32, 497 (2016)



Realizing valley polarization in the mesoscopic scale 
for the development of valley Hall transistors

 Nanofabrication of periodic arrays of architected nanostructures up to 
mesoscopic scales is implemented to realize the valley Hall effect and for 
the development of low-dissipative valley Hall transistors.

 The graphene-based device has been patterned by using a helium/neon 
focused-ion-beam (FIB) microscope in the Orion NanoFab by Zeiss.   

h

Device made by M. Anderson & C.-C. HsuN.-C. Yeh et al., Acta Mechanica Sinica 32, 497 (2016)
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5.  Summary & Outlook
 Nanoscale strain-engineering can lead to 

modified local electronic properties that 
correspond to the presence of giant 
pseudo-magnetic fields, thus enabling 
valleytronic & optoelectronic applications.    

 Breakthrough in PECVD-growth of 
large-area graphene sheets & high-
yield graphene nanostripes

 Cheaper, better and faster method 
for scalable applications

 Graphene provides excellent protection to 
photovoltaic organic semiconductors & 
hybrid perovskites against environmental 
aging effects.  

 The unique properties of graphene 
have become realizable for both 
fundamental scientific research & 
technological applications.        



A new generation of interconnects

(Samsung)

CuCu

SiSi SiSi SiSi

SiSi SiSi SiSi

SiSi SiSi SiSi

SiSi SiSi SiSi

Porous Si-based 
low-k dielectrics

Graphene 
barrier

Graphene barrier prevents copper in the 
interconnects from diffusing into the low-k 
dielectrics and provides additional electrical 
and thermal conduction

Example of integrated circuits 
with interconnects:



Turning greenhouse gas into graphene nanostructures 
for semiconducting industry & sustainability

PECVD

CH4
(Greenhouse gas)

 Excellent preliminary results from incorporating 
GNSPs in supercapacitors: Capacitance became 
improved by more than 100% with only ~ 2% 
GNSPs mixed in activated carbon (AC) as the 
activated material.  

 Additionally, strong light absorption (> 99.9%) 
by GNSPs may be applied to photon detection 
and energy conversion.  

(AC + GNSPs)


