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Graphene

Motivation

e Graphene is a truly 2D material
 Fabricated by:

— Mechanical/ chemical exfoliation

— Epitaxial growth

— Chemical vapor deposition
* Electronic, thermal, chemical and mechanical

properties sensitive to lattice imperfections

Key material: Next generation electronic devices

Graphene
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Graphene-based flexible
electronic devices.

T.H. Han et al. Materials
Science Engineering:
R:reports, 118 (2017)

» Changes in electronic properties due to:

J. C. Meyer et al.
. Nano Lett., 2008

el .

— Geometry or linear defects: grain boundary

structures, armchair or zig-zag nanoribbons, etc.

— Doping elements. P. Y. Huang et al.
Nature, 1-4 (2010)

TIGHT BINDING POTENTIALS R

= Stability of defects due to thermal loading lﬁ‘ :



Graphene: electronic properties

Graphene lacks energy band gaps

Band Structures & Density of State (unit cell)

Band energies. Supercell 1x1
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Defects in graphene — Our Approach

Main issues of interest:

e Properties of individual defects: Core structure, core energies, limiting
behaviors (dilute, continuum...)

] Ariza and Ortiz, ARMA (2005), JMPS (2010)
Our harmonic approach:

v’ Discrete lattice elasticity, discrete defects
v’ Discrete dislocations as eigendeformations
v’ Discrete Fourier transform, closed-form solutions (u and E)

 Stability of defects: Relaxed core structures, thermal stability,...

. Gallego and Ortiz (1993) Mod. Simul.
1. Anharmonic approach: Mater. Sci. Eng., 1:417-436

v’ Extension of the Discrete Dislocation theory

2. Molecular dynamics: LAMMPS code
thermal effects
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Discrete Dislocation Theory

e Harmonic elnergy of defective graphene:
Eg(u,B) = 5(B(du—5),(du—ﬁ)> — (f,u) bs
%

u = displacement field  du = bond deformation b
B = eigendeformations / = applied forces
B(e1) € b1Z + brZ + b7

e Displacement equilibrium problem:
Eg(8) = minEg(u,8) == vy = AT (/Y +/[) |DE(uf) #0

Gallego and Ortiz (1993) Mod. Simul. Mater. Sci. Eng., 1:417-436

¢ Non-equilibrium anharmonic energy function E(u7;):

Fl41) — p(R) oy - SDE(ATI(fF + £E)yy Fixed point iteration method

DEA Y fE+5P) —asDEAL(FE+R))) =0
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Graphene: interatomic potentials

interaction with

Harmonic potentials substrate
BE(u) = Vi 4+ Va4 Va4 Va+ Ve + Ve

Oy, Oly, V1, Yar O, Ol

|

v (afﬁ’)

Surfaces” Phys. Rev. B, 42(18) (1990)11469--11478

Bond order pote Ntials  Stuart SJ, Tutein AB, Harrison JA
J Chem Phys 112(14):6472—6486

REBO LJ
E;; +E7+ Y Y By
k71,5 17,5,k
AIREBO potential
LCBOP potential

Na,f
lz (ng’%nvi%?“ 4+ S'u,p VET‘ + LS'u,p Vm?q)

81,15 " 1] zmr mr,ij " ij S
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Jan H. Los et al. l Z@‘I
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Graphene: interatomic potentials
Tight-binding potentials

N\

Xu, C. H. et al.,
J. Mech. Phys.: Condens.
Matter, 4(28) (1992) 6047

Wirtz et al. Tewary et al. Ariza el al. Ariza et al. Mendez et al. Arca et al.

o 399.0 409.7 364.0 527.7 497.2 423.6

651 135.7 145.0 247.0 68.1 173.7 144.3

&1 292.8 98.9 100.5 118.3 106.9 75.7

Q2 -79.6 -40.8 -30.8 5.8 -41.43 -6.5

B 67.8 74.2 72.3 32.7 58.1 29.9

Y2 39.2 -9.1 -17.8 26.7 -3.0 -23.7

02 0.9 -8.2 -11.5 -16.9 -15.9 -8.8

o3 0.0 -33.2 0.0 -20.64 4.0

B3 0.0 50.1 0.0 34.51 -0.8

d3 -34.3 5.8 3.7 9.1 -0.8

Qy 0.0 10.5 0.0 0.3

Ba 0.0 5.0 0.0 0.0

Ya 0.0 2.2 0.0 0.1

T4 0.0 -2.2 0.0 0.1

04 17.1 -5.2 -1.8 0.0 Trf*. Ay
Wirtz et al. Ariza et al. Mendez et al. ] ¥
Solid State Comm., JPMS, 2010 JPMS, 2016 l Ii f
2004 Tewary et al. Ariza et al. Arca et al. < v

Met. Num. Cal., 2011 Acta Materialia, 2019

Phys. Rev. B, 2009



Graphene: interatomic potentials

------ potential of Aizawa

W ( [ ) - - - - AIREBO potential

—— Tight-binding potential
empirical values
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Our approach — Stability of core structures

e Dislocation cores predicted by the discrete-dislocation are stable
with respect to fully non-linear potentials and in agreement with
observation and first-principles calculations

e Dislocation cores appear stable up to high temperatures (2500 K)



Linear defects: grain boundaries in graphene

GRAINa  GB GRAIN b GB  GRAINa
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0 (nama) [ (o) (A)  (eV/A)  (eV/A) T B ud
16.1°  161° 0° (2,2)|(1,3) 85 0427 0482 | 0. V. Yazyev et al.
172° 0 17.2°  (13,4)/(9.9) 376 0.499 Nature Materials, 2010
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Stable ASYMMETRIC grain boundaries

Cell sizes: 380 —-9772 atoms
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Stable ASYMMETRIC grain boundaries
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Transport properties across grain boundaries

Mendez et al. Acta Materialia 154 (2018) 199-206

A tight binding model (C.H. Xu et al., 1992)
and the Landauer-Buttiker formalism

GB configuration Transport gap (eV) H (A) |Ad|/dmin (%)

(2,2)/(1,3) 1.15 8.5 4.08

(13,4)(9,9) 0.29 37.6 1.26 :

(4.0)(3.2) 0.24 9.9 396 Correlayon b_etween transport gap
(3.5)/(0.7) 0.0 16.9 0.0 and lattice mismatch [Ad|/dmin
(0,5)[(3,3)-1 0.88 12.2 3.92

(0,5)[(3,3)-2 0.59 62.8 0.07 B _
(6,0)/(4,3)-1 0.72 14.6 1.40 : - -
(6,0)/(4,3)-2 0.77 14.6 140 g :
(6,0)|(4,3)-3 0.68 14.6 1.40 u A




Transport properties across grain boundaries

---- Model |
Model Il 0,6

1AM Yo 0.4 .
\ ]
» A “

4
-~--- Pristine graphene
—mee Zhang et al. (2012)
Present work
Model I: flat cell
Model II: fully relaxed
Energy (eV)
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Point defects: dislocations in graphene

eriodic arrangement of dislocations

Slip systems

Periodic Boundary Conditions 0,0

NVT relaxation

CG minimization
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Dislocation dipoles
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Energy (eV)
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Dislocation quadrupoles
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relaxation mechanism
reduction in

Spontaneous twining
as an accommodation and

significant
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Arrays of dislocation dipoles
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Dipolar arrays — Accommodation mechanism

Twinning (°)
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PRC PBC * PBC
LEFT CE L REGION RIGHT , S e
REGION REGION m =8 m =12 m = 16
gap (eV) 0 (°) | gap (eV) 0 (%) | gap (eV) 8 (%)
WINNE : .
Y n=23 0.0 0.0 0.0 0.0 0.0 0.0
n=>5 0.35 13.3 0.0 8.5 0.0 3.8
C ?x
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boundary boundary o o o o _
n=2~9 1.05 16.2 0.2 11.0 0.25 8.0
) . n=11 1.1 16.1 0.6 10.9 0.3 9.3
Dislocation structures (11’8) n=15 1.05 16.1 0.8 11.1 0.55 8.2
---------- Stone-Wales array (3,8) n=19 1.1 16.1 0.95 1.1 0.65 8.2
______ Pristine graphene n =25 1.05 16.1 0.8 11.1 0.6 8.2
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Transport properties across twin boundaries

T(E)

Dislocation structures (19,8)
------ Dislocation structures (19,16)

---------- Dislocation structures (19,24)

2 3 4 5 6
Energy (eV)

Charge carrier transmission coefficient per
period across twin boundaries n=19

m =8 m =12 m = 16

gap (eV) 0 (%) | gap (eV) 0 (%) | gap (eV) 6 (%)
n=23 0.0 0.0 0.0 0.0 0.0 0.0
n=>5 0.35 13.3 0.0 8.5 0.0 3.8
n="7 0.7 14.4 0.1 9.4 0.0 9.0
n=2~9 1.05 16.2 0.2 11.0 0.25 3.5
n=11 1.1 16.1 0.6 10.9 0.3 9.3
n =15 1.05 16.1 0.8 11.1 0.55 8.2
n=19 1.1 16.1 0.95 11.1 0.65 8.2
n =25 1.05 16.1 0.8 11.1 0.6 8.2
n =31 0.95 16.1 0.75 11.1 0.6 8.2
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Transport properties across twin boundaries

Tight-binding model

------ Pristine graphene
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Transport properties across twin boundaries

Dislocation structures (11,8)

---------- Stone-Wales array (3,8)
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Isolated dislocation cores - Bilayers

Steric interactions
between layers

Out-of-plane displacements )

Two dipolesn=9 in registry

Energy perlayer: E=7.36eV wey Modest attractive interaction
Bilayer energy: E=15.70eV between the Iayers
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Isolated dislocation cores - Bilayers

|

Strong steric interference
between the layers
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7.96 eV
23.0eV
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Energy per layer:
Bilayer energy
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Two dipoles n




Two dipolesn=9 different initial offset

Isolated dislocation cores - Bilayers
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Initial distance between dislocations along the y axis (A)

The steric interference between the monolayers:

1.

Strong attractive interaction between the dipoles, which relaxed to a zero-distance
configuration of energy 15.7 eV.

The attractive interaction between dipoles is not strong enough and the dipoles remain--
offset to each other, resulting in comparatively larger energies. uzgh :



Bilayers

ores -

Relaxation of a bilayer containing

two unmatched dislocation dipoles

Initial condition
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