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5”3% MCI Graphene and transistor

nanoHUB.org

100GHz
Graphene FET
Image credit: IBM

Advantages: 5 CNT —
«— (Perebeinos, PRL
 High intrinsic mobility (Over 15,000 cm?/V-s) '

N__2005)

» High electron velocity = Good transport \Graphené
« 2D material > Good scalability 3] — Akturk, JAP 2008
¥ Shishir, JPCM
2009
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Frank Schwierz, Nature Nano. 5,
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http://en.wikipedia.org/wiki/File:Graphen.jpg�

C%% AC Outline

nanoHUB.org

 Tutorial Outline:
» Tight binding surface treatment in NEMO5
» Graphene models, lattice, setup in nemo5
» Example 1: Graphene bandstructure, band model comparison
» Example 2. Armchair graphene nanoribbon
» Exercise: Zig-zag graphene nanoribbon
» Example 3: Graphene nanomesh with a circular hole

» Exercise: Graphene nanomesh with a rectangular hole
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Example: Si_UTB 10uc_no_pass.in

Surface Passivation in NEMOS5: example Si UTB

false

Uz, THLE S

rl = 0,00
[ (0,100

ffthiz applies to

geometry_description = zimple_shapes

cuboid

1

1
(=15,-50,-50)
{15, G, G0

Domain
1
hame = structurel
passivate =
FErLIodLL =L LT
) crystal _directionl = (1,0,0)
10 unit cell crystal_direction? = (0,1,0)
crystal _directionZ = {0,0,1)
space_orientation_di
zolver space_orientation_di
d L reainns = (1)
hane = ivate= fal
type = Schroedinger pess == T2t
domain = structurel L
active_regions = (1)
job_list = {calculate_band_struchure)
output = (energies, k-points) Eenmetrg
Dutput_prec131nn =7 .
tb_baziz = spidhsstar EEEIDH
Matlaboutput = false shape -
EE??—PDt = g*g region_number =
shitt . _ , _ priority =
k_space_baziz = reciprocal A reciprocs i -
Aflefine a 'path' in the k space by zpecifyi . -
k\-_l:“j]-r-ltE = [I:[:I+5:[:I+[:I:|.rl:.-[:l.rl:].':l.rl::[:]+5.r[:l+5:|] ssbauid | =
number_of _nodes = {100,100 ' 1 tag = substrate
¥ 1

Inputdeck: Bandstructure calculation of a Si UTB with default settings,

no passivation used

PURDUE J.ZGeng
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d%%ncn Surface Passivation in NEMO5

nanoHUB.org

Example: Si_UTB 10uc_no_pass.in

UTB Bandstructure:
A few states span over the band gap

10 unit cell Identify the nature of band gap states:
Get the wave functions

solver

i

name = (Gamma

type = Schroedinger

domain = gtructurel

active regions = (1)
S.f job list = (calculate band_afrncturs)
L cutput = (eigenfunctiong, eigenfunctions VIEK)
gﬂ output precision = 7
E th basis = sp3dssstar
E Matlaboutput = false

chem pot = 0.0

shift = 0.2

k space basis = reciprocal

k points = [(0.0,0.0)]

numbe r o f_nn des = 1
¥

PURDUE 1.z Geng Calculate the wave functions at the I" point

UNIVERSITY




d%%ncn Surface Passivation in NEMO5

nanoHUB.org

Example: Si_UTB 10uc_no_pass.in

States in the bandgap are surface states
They are produced by dangling bonds

10 unit cell

Volume state

AN DA N

Energy (eV)

PURDUE 1.z Geng - Dot
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NCN

HUB Surface Passivation 1n NEMO5
NaNo .org
Example: Si_UTB_10uc_pass.in

passivate = true”

4.0 Eﬂmaiﬂ Adds H-atoms at the surface
‘ hame = structurel
,‘ type = pzeudomorphic
'3 0 base_material = zubstra
‘ : dimension = (1,1,10)

\‘-v

7N

periodic = (true, true/ falze
crystal _directionl =

.9 0 crystal_direction? ’D]'

“' crystal _directionZ/= [/, 0,1)

P space_orientation/dird = (1.0,0]

ﬁ space_orientatich_dif2 = (0,1,0)

X140 _regions = {1)

" ' pazzivates= Aithis applies to

. qeometry_description = simple_szhapes

% )

il 0 "
PURDUE J.Z Geng E??
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Surface Passivation in NEMO5

Example: Si_UTB_10uc_pass.in

15.0

4.0
3.0
2.0

1.0

—

10 unit cell

Domain

1

hame = structurel

type = pzeudomorphic
baze_material = substrate
dimension = (1,1,100

perindic = (true, true, false)
crystal_directionl = (1,0,0)
crystal_direction? = (0,100
crystal_direction3 = (0,0,1)
space_orientation_dirl = (1,0,0)
gpace_orientation_dir2 = {0,1,0)
_regions = (17
pazzivate= true
geometry_description = simple_shapes

PURDUEJZGmg
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ralculate_band_structure)

solver

1
Rame = Ek
type = Schroedinger
domain = structurel
active_regions =_{1)
job_list =| (paszivate_H,
output = Lenergles, k-

points)

E Fed odn ki 'I.ﬂ.‘:r}

Surface states are shifted out of band gap

-1
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dod d bbbl h
oo aaaas: Craphene

i iy g e e S i e i e e

&4 _ 4 A _ 5 5 b >

http://en.wikipedia.org/wiki/Graphene
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o NCN Tight-binding Model

nanoHUB.org

Y. Zhang and R.Tsu, Nanoscale Research Letters Vol. 5 Issue 5

I 1 I 1 I I I 1 I I 1 I 1 I 1 I I I

RN THN TN PON 1 SN0 RN TN AN (e TN (NN (NN ST OO (AN TN RN (20

) E K

* p, orbital is well separated in energy
from the sp? orbitals

« More importantly, only the p, electron
Is close to the Fermi level

» Therefore, the common tight-binding
method for graphite/graphene
considers only the p, orbital (P.R. |

PURDUE 3.7 Geng Wallace, PRB 1947) %
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cZoMCI  passivation in PD and Pz tight binding model

nanoHUB.org

NEMOS: two models for Graphene bandstructure
1) Standard model of tight binding literature “Pz”
* Includes just one p, orbital per atom
* Does not allow for hydrogen passivation
Because p, orbital of C has zero coupling to s orbital in H

2) Recently developed model “PD” (J. Appl. Phys. 109, 104304 (2011)
* Includes {p, d,, d,,} orbital set on each C atom and H atom
 Hydrogen atoms included explicitly (realistic treatment)

“passivate H” not required in job_list : = :
BUT
Make H atoms “active”, i.e. include them explicitly: d d
Domain Pz yz ZX
{

activate _hydrogen_atoms = true (default = false)
Always have passivate = true in the domain section (default)

PURDUE J.Z Geng ;@&



c%%nCﬂ Graphene: Primitive Basis

nanoHUB.org

ay,= 0.142nm
€ >

/ )'i '®)
> X
Lattice basis: Reciprocal lattice basis: Symmetry points:
— 3a A Ia A :2_7[)24_ 27 1 - 1 -
%= 20 A 3a, 3a0y _Ai__Az
a._%;(_\faoA Roo2T g2 g YEES Y
2 - 2 2 y 3a0 3a0 . 2

UI:I[JV}T_LRI[{E J.Z Geng Given in NEMO5 User defined points QS»




d%% ncn Defining the Structure

nanoHUB.org
Domain
?ater*ial Define the material { N Dimension in
name = structure
- Carb type = pzeudomorphic .
E:gez suggtggte base material = zsubstrat number of unit
crysztal _structure = graphene dimension = (1,1.1) cells
regions = (1) ) igin =
Band=:TB:Pz:param_set = param_default acti;gtz aadgngén toms = trus
\ _ _ =
Have “true” periodic = Ltrues, true, false)
Geometr
[ 4 Only for PD miller_index_basiz = primitive
. model crystal _directionl = (10,00 « o o e
?EEIDH crystal_direction2 = (0,1,0) p”mltl\_/e o
shape - cuboid crystal_direction3 = (0,0,1)] ‘Cartesian
region_nunber - 1 space_orientation_dirl = (1,0,0)
priority =1 . zpace_orientation_dird = (0.0,1)
min = (=0,-5,-0) A4 in nm
M = (G, 5§, G) regions = (1)

geometry_description = simple_shapes
FEM_mesh_creation = falze

1| With a large enough region,
¥ device is limited by dimension
only

PURDUE 1.7 Geng o e
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C%% MC Defining Solver

nanoHUB.org

O
s0lver A
d
e = Fk
type = Schroedinger
domain = ztructurel o o
active_regions = (1)
eigen_waluez_solver = krylowvschur
preconditioner  =mumps /\2

output = Lenergies, k-points) o
OULPUL_preclzlon = 7

Symmetry points:

Job_list = (calculate_band_structure) K-E"—EJ¥
'3 3

th_baziz = FI ‘Pz’ or ‘PD’ v :%A,i

k_=pace_baziz = reciprocal FTOSKSMST

number_of _eigenvalues = 0

l_points = [ (o,0.0,00, (0,333,-0,333), (05,00, (0,0,0,07]

number_or _todes = L1UL Al 410 ] ]
Expressed in units of

h A, and A,

PURDUE 1.7 Geng oo B
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c%"bncn Graphene Bandstructure: P; vs. P/D

nanoHUB.org
NEMO5 \ Boykin et al.
pz SO ;
2_ '_' p/d \ o’ %n 1= E -
A B O%rw AT ’
* o u 1 “(diamonds, ]
]. i . e 1 M C ]
., o 1.856e -
— -'. .'- -2 :_ F; .
@ Ot -:.:. ‘1 a3k .. P, (-d?mfj.h.n?s. s
= S < [ K M
-1 -'.‘I A "%, II..
e 2.762eV S
_2 l-" ‘;.i "
“- ili“ l E 5 :
“" l“‘“‘.‘. g -
-3— 20
< I K M -
50
DFT results are much better reproduced _
1-10 &

with the PD model M I K M
J. Appl. Phys. 109, 104304 (201;@
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Z.Chen, et al. Physica 40, 228-232 (2007)
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C%%ﬂcr\ Graphene: Cartesian Basis

nanoHUB.org

Lattice basis: Reciprocal lattice basis:
— ~ N . 272' A
al — \/gao y Al B 3a X

d
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C%% AC Structure

nanoHUB.org

Domain

1
name = structurel
type = pzeudomorphic
baze_material = substrate
dimension = (1,1,1)

arigin = (0,0,0]
activate_hydrogen_atomz = true

periodic = (true, true, false)
miller_index_basiz|= cartesian
crystal_directionl = (1,0,
crystal_direction? = (0,1,0)
crystal_direction? = (0,0,.1)

space_arientation_dirl
space_arientation_dir3

I 1
——
= =

regions = (1)
geometry_description = simple_shapes
FEM_mesh_creation = falze

PURDUE 3.7 Geng &
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c%%nCﬂ Example 1 : 10-AGNR

AE 11 b} ]
: Armchair

10 atomic
layers wide

—

Periodic

1 y

hame = structurel %enmetru

type = pzeudomorphic :

hgpp maEPr*ial = F'”h trate ?EQan

Simension = (10,1,1) || A big domain shape = cuboid
region_number = 1

origin = (0.0,0] priority =1

activate_hydrogen_atoms = true min = -0,0,-20,-5) A4 in nm
Max = 1,15,20, 5)

periodic = (false, true, false) y Tag = SuUbSLrate

miller_index_baziz =|cartezian T

crystal _directionl = (1,0,0]

crystal_direction? = (0,1,0)

PUR crystal_direction3 = (0,0,1) @




c%"b NCN 10-AGNR Bandstructure

nanoHUB.org

Energy (eV)
=
€“—>
S
-
o)
2
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nanoHUB.org

» Exercise: Define a “10-ZGNR” in NEMO5
and calculate its bandstructure along x
direction ([100])

PURDUE 3.7 Geng o
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c%%ncn Exercisel : 10-ZGNR

nanoHUB.org

Domain

d

)

hame = structurel

type = pzeudomorphic
baze material = aybstrate
dimension = (1,6,1)

=
/

oY
oY

arigin = (0,0,0]
activate_hydrogen_atoms = true /¢ gra

periodic = (true, false, false)

miller_index_baziz = carteszian
crystal _directionl = (1,0,0)
crystal _direction? = (0,1,0)
crystal_direction? = {0,0,1)

10
Leometry
d
Fegion
d
zolver shape = cuboid
1 region_number = 1
k_points = [ i-0,5) , (0,5)] pricority =1
number_ot _nodes = 1100) min = (=-20,0,35,-5)
b e = { 20,2,35, §)
) tag = substrate

PURDUE 3.7 Geng } &
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c%"b NCN Bandstructure: 10-ZGNR

nanoHUB.org

fad
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7

[-100] [000] (100]
k i_’nm-l]

Zigzag edges give metallic behavior

PURDUE 1. Geng o
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Nanomeshes

http://today.ucla.edu/

J. Bai et al. Nature Materials 5, 190-194 (2010)
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nanoHUB.org

12 unit cell

Example 2: Graphene Nanomesh

structurel
paeudomorphic

base material = substrate

dimenzion = (12,.12,1)

arigin = (0,000
activate hudroogen atoms = truye

periodic = (true, true, false)

Geometry

1 | Region 1 defines the
EEE”D” graphene supercell

shape = cuboid

reaion number = 1

priority =1

min = =10, -10,-5) 44 in
& = { 10, 10, &)

miller_index_basiz = primitive
crystal _directionl = ¢1,0,0)
cryztal _direction? = (0,1,00
crystal_directiond = (0,0,1)
space_orientation_dirl = (1,0,0)
space_orientation_dird = (0,0,1)

regions = (1)

tag = zubstrate

1 Region 2 defines
Eeginn f a hole

geometry Weszcription = simple_shapes
FEM_mezh_ckeation = false
Only include region 1

in the domain

Higher priority in the hole region

shape = cylinder
regioh number = &
| priority = 2
min = 1,230, 0,346, -5)
LEYS = { 2,952, 2,063, 5)

tag = zubstrate

UNIVERSITY



NCN Bandstructure: GNM

nanoHUB.org

Q(

— ___F__

Flat bands in the ?{}:’-

middle of the -1.5
bandgap

Need to visualize the
wavefunction at the " point

PURDUE J.Z Geng @%



c%"b NCN Wavefunction Visualization

nanoHUB.org
zolwer
1
E:g: _ gzﬂﬂgedinger [ jgengRrozsmann—Fel2 AL_12_51% 1=
domain = ztructurel B2, vtk - . - okl gnn.ngt &
active_regions = (1) BZ_facets, eigenfunctions Lin gam,=ilo gn
gigen_wvalues_solver = krylowschur
preconditioner = o
output =| ieigenfunctions, eigenfunctions_YTk) A new directory

output_precizion = 7

That stores all

job_list = (passivate_H, calculate_band_structure) ) i
wavefunction files
tb_baziz = PD
k_space_baziz = reciprocal e —
humber_of _eigerwalues = 120 Et Gamma_f2,dat  Gamma_f33.dat G
shift = 0.1 k. Ganma_f2,vtk  Ganma_f33,wtk G
k_points = [(0.0,0,01] bt Gamma_f20,dat Gamma_f34,dat G
number_of_nodes = 1 k  Gamma_f20,vtk Gamma_f24,vtk
¥ ) bt Gamma_f21,dat  Gamma_f3b,dat G
ko Gamma_f21,vtk Gamma_f35,vtk G
t Gamma_f22.dat  Gamma_f36,.dat G
%lnbal [k Camma £29 utl  Camms F2E ol
A¢ zolye = (wisualizer, BZ. gnm)
zolve = ([ Gamma)
databaze = Fautohome U121l joeng NEMDS prototypesma
mezzaging_level = &
r
A
PURDUE 3.z Geng <
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G%% MC GNM: Edge state

nanoHUB.org

d=7uc

Zv
1t State

E(eV)
=

L, state

K Gamma M K
k

Wavefunctions on the flat band are localized at the zigzag edges

PURDUE J.Z Geng -



d%%ncn Exercise 2: Graphene Nanomesh

nanoHUB.org

Exercise:

» Define a graphene nanomesh of 8nm x 8nm with
rectangular hole 7nm x 1nm.

» Plot bandstructure along x and y.
e Obtain and visulize wavefunctions at [ point

I S8888080800000000000000000000001
I I I I Il AL I I I I I I I I I I I Il
I II I eI A It I I Iy Iy i it IiIIIIyr
AAAAI AL AL A AL L L XA A A A A A A A 4 L4 L4 814
1888880880880 000000000000000004014
XXIIlIIIXXXIIIIIIXIIIIIIIXXXIHI

4}
Ix
1880060800000 0008080080008000004

IIIII I I I LTI IIIITT
HI!!I!I!!!!IIII!IIIIIIIIIII!!!!

X (SN0 00800000080C 2000000008000 0081

IS S000088000887 0 188080080080

A4 1 1 11111133 d 21 23 L i 2 i i 2f 2111111
AAAI LI A AA AL LT L L XL XA SIS L LI LY
III I I I I I XIS I ILY
I I I Iy X i I A I Iy I I I I Il IIIIIIIIIr
1SS0 0800080000000000000000030881
I S 00000000000800880000080880008881

el
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Graphene Nanomesh

Exercise 2

hame = structurel
type = pseudomorphic

dimension = (33,19.1)

activate_hydrogen_atomz = true
periodic = (true, true, False)
miller_index_bazis = carteszian

origin = (0,0,0)

2020%0%2%¢%¢%¢
Bedsdedededelede
5%52%6%0%025%¢ %% 4T8¢ 202020 %6 %% %)

BB B b
APt
A i..'..‘..'.._-

Leometry

TE-ETETE S BIE ETERE_S- BIBETEIEINT

U e T T e T e T g Tl e T (U e U gy T g T i

eseselele )
sesededed)
o2e3030303

Structure:

Fegion

cuboid

region_number = 1

=1

shape
o1t

——
_|.._I.__|..I._
LR
)
_|.._I.__|..I._
RN
i i
_|.._I.__|..I._
T e
1
[
— M
= =
L
i
=
—
(]
7]

tag = =substrate

¥

Fegion
1

cuboid

region_number = &

k_points

number_of _nodes

shape

2582

=2
min = (0,5919, 3,5, -5)
max = L7,3785, 4.5, §5)
tag = zubstrate

printituy

PURDUE 3.z Geng
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rancHUB.org Bandstructure and Wavefunctions

..........

lllllllllllll

ooooooooooooooo
vvvvvvvvvvvvvv

Energy (eV)

ooooooooooooooooooooo
......

------------
[l S

e s e s e a0 i s

.
.................................

[u'{\nl
\ lel H
e S e g
TN |PbBEBEEEEtcoccoooponcconcoortoone
1 ,7
S e
I el
T
3
[010] O
0.5 ; P ettt [100]
[010] [000] [100]
k (nm™)
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Thank you !
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