The Abdus Salam
International Centre for Theoretical Physics

THO

2145-39

Spring College on Computational Nanoscience

17-28 May 2010

Control and Assembly of Nanoscale Structures: Chemistry and Light

David TOMANEK

Michigan State University
Physics & Astronomy, Fast Lansing
US A

Strada Costiera ||, 34151 Trieste, Italy - Tel.+39 040 2240 || 1; Fax +39 040 224 163 - sci_info@ictp.it



Control and assembly of
nanoscale structures wnth
Cmemur/ Iglel Elejis 5

VIO ...
,. \.t'g"';’,'

David Tomanek
Mlchlgan State University

tomanek@pa msu.edu
http://www.pa.msu. edu/~tomanek




Acknowledgements

Savas Berber, Gebze Institute of Technology, Turkey
Arkady Krasheninnikov, Helsinki University of Technology
Yoshiyuki Miyamoto, @ N.E.C. Tsukuba, Japan

Hisashi Nakamura, RIST Tokyo

Angel Rubio, University of Pais Vasco, Spain
Teng Yang, CAS and IMR Shenyang, China
Mina Yoon, Oak Ridge National Laboratory
Hong Zhang, Sichuan University, China

Financial Support:

NSF-NSEC ~ JAMSTEC-ESC (Japan)
NSF-NIRT @ RIST (Japan) —PIST




Outline

Introduction

— Dynamics of ground state and excited state processes
— State of the art computer simulations

- Long lifetime of electronic excitations

Chemical modification of nanocarbons

— Hydrogenation of nanocarbons by wet chemistry

— Peeling fullerenes by hydrogen

— Unzipping nanotubes by hydrogen

Excited state engineering of nanocarbons

— Transforming graphite to diamond by light

— Photo-exfoliation of graphite to graphene

— Focused lon Beam (FIB) lithography for nano-architectonics

Removing atomic-scale defects
— Defect tolerance of nanotubes
— Selective deoxidation of defective nanotubes

Summary and Conclusions



Dynamics of ground state
and excited state processes

Potential

excited state
e
h v \

To follow right adiabatic surfaces of
?cited states is rather difficult

A
\\|e/> ——  Franck-Condon effect

Non adiabatic decay (finite lifetime)

|g> r— Can be calculated by ab
initio simulation

Reaction coordinate



State of the art computer simulations

=Electronic structure calculations: ab initio Density Functional theory (DFT)
*Time evolution of electronic wave functions: Time-Dependent DFT

= Atomic motion: Molecular dynamics simulations (in ground & excited state)
=Forces from total energy expressions: E,,, = E,.,({R}) = E{p(")}

Ground state dynamics:
Solve the eigenvalue problem

Hy,=¢y,

t \\lef_\ Density Functional Theory

(codes including SIESTA, VASP,
CASTEP, GAUSSIAN, etc.)

What approach to use?

Potential

9>

Excited state dynamics:

> .
Reaction coordinate ~ S°lve the t'mg'gepe”de”t problem

FPSEID | -psai-di:) =
Finst-Principles Simulation tee)| forr Election-liom Dynamies;

=Computational details for real-time MD simulations:
Sugino & Miyamoto PRB 59, 2579 (1999) ; ibid, B 66, 89901(E) (2002)




Real-time electron dynamics during molecular dynamics

t = 0: Initialize electronic occupation,
then perform static SCF calculation

\ 4

t > 0: Solve y, (t+At)=exp{- i AtH(t)} p,(t).

A\ Hellmann-Feynman

Is Hyopn-sham Matrix

diagonal?

Observation of nonradiative decay!

theorem works

Finite lifetime,
—p decay path

= Electronic state is fixed in the beginning, then evolves in time
= Continuous checking for nonradiative decay yields bias-free

information about lifetime, decay path

Need massively parallel computer architectures and suitable
algorithms distribute load over processors for speed-up
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Creation and decay of an electron-hole excitation




Long lifetime of electronic excitations
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Chemical modification of nanocarbons

Hydrogenation of nanocarbons by wet chemistry

m Can fullerenes, nanotubes be
hydrogenated by wet chemistry?

m \Which is the reaction mechanism ?

m Does hydrogen cause structural

changes? ‘f\H ”




Hydrogenation of Cgz, by DETA: possible pathway
‘ +— H_~"~_ "~ DETAis a source of H

Step 1: docking
0.1

DETA docking on C, is exothermic
Step 2: H transfer
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Optimum hydrogenation pathway of Cgz, by DETA

Full energy landscape search

3'0;“’ Wl /| ] o = AE(eV)
L physisorbed |
: docked. i 1.0
2.0 .
10.5
10.0
*Reaction must end with adsorbed AN
radical, regardless of pathway | 4-0.5

3.0

5 2.0 9.5

*Hydrogenation of Cg, by wet den
chemistry is feasible and may

apply also to other nanocarbons Docked DETA has a shallow energy

landscape — efficient H transfer



Peeling fullerenes by hydrogen

m  Opening a multi-wall fullerene (bucky onion)

hydro

genatedby DETA

l\"_%}é‘w"*
Sh

St R

Glen P. Miller
(University of
New Hampshire)



Hydrogen adsorption on sp? carbon

Optimum adsorption geometry of hydrogen on erad
very fat nanotube”) Prowat | Mo3 ™~

x';’h-\ 1 '_“\\ 0.2
;‘b_'\ / N
- = )

Covalent
bonds

Top view
0.1

0.0
Ap 0.07 Excess

0.06 charge
0.05

o lirati 0.04
Pyramidalization Qg Q@ 0.03

due to sp® bonding ) 0.02
. . éo - G&O > 0.01
Side view N‘ 000 Charge
X

-0.01 deficiency

X
Charge density difference: Ap = p,(H/CNT) — [p;(CNT)+p,(H)]

Strong covalent bonds especially

in narrow nanotubes




Dreams about ways to

Energetics is less promising
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Favorable adsorption sites for hydrogen

Hydrogens prefers to adsorb in pairs

e
R
&
Optimized
C960
“C
‘H AE=-1.351 eV AE=-0.672 eV
Optimized AE=-1.203 eV AE=-1.203 eV
ptimize
H-Cgq AE=-0.555 eV Adsorption first on

edge, then near edge




Peeling a large fullerene using edge hydrogenation

- 0 I " E-formation.dat’ e
*Formation of ‘E-formation.dat
energies of 5 % \
intermediate 5 2|
steps are g 3 . e
promising! & 4t .

5}
*\What about
energy barriers? 12 3 4 5 6
step number




Modeling edge hydrogenation

Regions with different
relaxation requirements

Hydrogenated
edges want to
expand!

Facets are rigid
graphene pieces:
Unwilling to expand!

*Edge strain energy increases with
edge length

Large fullerenes more likely to
burst by hydrogenation

*Very large systems necessary —
calculations on model system

«Zipper-like edge opening most
likely

Structure used to model
edge hydrogenation



Hydrogen-induced decohesion

Charge redistribution near a bent edge

Ap(e/a?)

sp? hybridization
associated with
pyramidalization
weakens bonds

Savas Berber and David Tomanek, Hydrogen-induced exfoliation of fullerenes
and nanotubes: An ab initio study, Phys. Rev. B 80, 075427 (2009).



Energetics of an unzipping step

The length of the C

-C bond d is taken as reaction coordinate
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AErotal (€eV)

Energetics along the complete unzipping path
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Worst-case scenario: irreversible reconstruction

Charge redistribution near a bent edge

sp? hybridization
associated with
pyramidalization
weakens bonds

Activation-free unzipping T : . :
(aJ0)] e ot R =
\
° o K
,gg:a)o\ DJ ,rsc’, fP. f? % % -1.0 | “\
F e f O % Few, F v PN
GRS T AR S AN S S N
%:'—:'30 :0‘3"’&) ..\%—Oﬁ;dj q-}C‘OCﬁ/‘éJ %GQOGGO %ﬂoz‘c"é) - 1 L 1 ‘.--,
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Reaction Step

Savas Berber and David Tomanek, Hydrogen-induced exfoliation of fullerenes
and nanotubes: An ab initio study, Phys. Rev. B 80, 075427 (2009).
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Excited state engineering of nanocarbons

Transforming graphite to diamond by photons

Graphite structure gsd\' Total charge density

X

p(r)
(elay®)

0.24

0.18

0.12

0.06

0.00

m  Can light transform graphite to diamond?

K. Raman, Yoshie Murooka, Chong-Yu Ruan, Teng Yang, Savas Berber,
Y. Miyamoto and David Tomanek, Phys. Rev. Lett. 101, 077401 (2008).



Nonthermal heating of the electron gas

Density of states

DOS (arb. units)
= Occupy previously empty 5¢ —F
states in the DOS above E¢ 25 |,

= Occupying 2p, states causes E_3 8 %0
Interlayer attraction

= Net contraction: Ad,= —0.04A

LikgT=1eV

25 |

X
Charge density difference: Ap = p(kgT=1eV) — p,, (kg T=0)



Ultrafast electron crystallography results

m [Iime-resolved
electron diffraction
following laser pulse:

m |nitial small interlayer
expansion

m  Sizeable interlayer
contraction follows

F=77mJd/cm?
ﬁ » Ad
o 'US




Photo-exfoliation of graphite to graphene

Graphene channel transistor: Real alternative to Si?

K. S. Novoselov et al.,

Science 306, 666 (2004)

~ 1. CVD on metal substrate

2. Exfoliation from graphite
How to make < = Wet chemical process?
this” = Scotch tape?
_® Other alternatives?




Laser irradiation

A =800 nm
r=45fs







Expected graphene monolayer detachment
following a laser pulse

= Describe couplingto . 47T T
laser field directly in  °< A

the coupled TDDFT-
MD formalism

Efield (V/
| I oé [

: 2" .
- YIeIdS bOth ] ] 4L 11 I S N I S N N M

o charge redistribution 0 50 100 150
among layers: Time (fs)
Coulomb
attraction/repulsion 0fs 1251s

o Nonequilibrium s et s
occupation of PSS s e
electronic levels FOCCOCTTTTS Ao CCTTRAA

Before irradiation After irradiation:
graphene detaches

Yoshiyuki Miyamoto, Hong Zhang, and David Tomanek, Photo-exfoliation
of graphene from graphite: An ab initio study, Phys. Rev. Lett.
(28 May 2010)



Results of coupled TDDFT-MD calculations

Potential energy increases due to
laser energy absorption

Inter-layer distances change in time

Initial inter-layer expansion causes
exfoliation by detaching a graphene
monolayer
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Possible mass production of graphene monolayers free
of chemical contaminants!



Arkady Krasheninnikov, Yoshiuki
Miyamoto, David Tomanek,
Phys. Rev. Lett. 99, 016104 (2007)

Beyond Black Magic:

**How much do we

- REALLY know about FIB
Iithography?

NCan ion beam

irradiation be used for
P precise structural control?

**How large is the threshold displacement energy?
*How much energy is transferred from the projectile (H)?
**Which fraction goes to electronic excitations?

Which are the dominant processes during collisions?




Microscopic processes during sputtering

1/ % Head-on collisions: Off-center collisions:
# 0* — Heat — Shakeup of electrons
— Sputtering — [sland evaporation

H* lon irradiation (E,,,=100 eV)

+*Electronic excitations dominate for
ion velocities v,>v(sp? carbon)

“*Protons with E,, =100 eV:
v,=1.7x10° m/s< vg(graphite)=8x10° m/s

Charge around H/gtom =0.739%¢
(((®)

O)
Probability of 1 e\gt>ransfer: 73.9%

l_v Quick neutralization How much do excitations affect
H atom irradiation energy deposition in target?



Energy deposition in graphene and nanotubes

Experiment: Theory:
Average of many collisions ground state and excited state
| | [ | | | [ | | T ‘ | [ ‘ | | [ 9 ] I LI III ] ] LELLBLL Il 1 ] LEBLILELELALI
5 tlon = Hydrogen (1) i T B 2 oL N
* #1981 -%eft 1 o1 359
= |Target = Carbon {6} LSRR = i :
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o | STOF 2003 st T S AL g ] 3 15[ d
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£ S sl i
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X | Data Sets=20 (152pta]™i, o A
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)y b1 | P I Lol | di — UCJ 0 L1l 111
1 10! 102 10° 104 Mlﬂgi 10 . 109 - 1000 y 10000
lon energy (keV/amu) atom iniial energy (8V)

s»Strongest effect of excitations: Impact in the bond region
“*Qualitative agreement between theory and experiment
**Intriguing pinball motion at 80 eV
s+ Threshold displacement energy:

84 eV (TDDFT), 80 eV (BO-MD)
“*Electronic excitations matter for E>100 eV

What happens microscopically at E>100 eV?




Microscopic accommodation of the impact energy
H

A4 . .
Total energy uptake 20 Kinetic energy uptake by C

40 T T T T T rr] T T | I I I LI | I 1
S S [
9; - —=—TDDFT ) o
g 30 ——BO - % 30 TODET -
< § —e—BO0
79__3 > 20 4
ko) o “
c o T :
S 2 10 .
— ()] .
o k= i
° P
= |

1 1 1 1 0 1 1 1 1
100 1000 100 1000
H atom initial energy (eV) H atom initial energy (eV)
“sLarge difference “*Very small difference between
between BO-MD and BO-MD and TDDFT-MD

TDDFT-MD How much goes to electronic excitations?



Energy uptake by electronic excitations

< 80 I I | L L 1 1 1 . .

> o ' 5T Time evolution of

~ el e enter or nexagon . _

5 70 ---®--- Bond (TDDFT) energy eigenvalues (E,;,=3 keV)

= —— Average (TDDFT)

O 60 |eeee- ZBL (TRIM) Impact

wn

E 50 .

I >

5 40 )

o >,

5 30 %

@)

= 20 -

S Ll

"8'10 —20_|||||||||I|||||_

0 2 0 05 1 1.5
0.1 1 10 100 1,000 Time (fs)

H atom initial energy (keV)
*+TDDFT-MD, experiment:
Electronic excitations accommodate <50 eV at high energies

s BO-MD: excitations suppressed

¢ Conclusion:
Non-adiabatic effects play an important role at high ion impact energies
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Removing atomic-scale defects

Silicon Dioxide

Gate Oxide —

»Defects limit performance, lifetime of devices

sAre CNT devices as sensitive to defects as Si-LSI circuits?
atomic vacancy

Will atomic vacancies trigger failure under
* high temperatures?
= jllumination?



Equilibrium structure near a monovacancy
in sp? carbon

Strain
too large
Note:
No reconstruction Possible?

near a single vacancy
In planar graphite



Stability of defective tubes at high temperatures

¢ Danger of pre-melting near vacancies?
vacancy

T=4,000 K

¢ Nanotube remains intact until 4,000 K

¢ Self-healing behavior:
Formation of new bond helps recover
sstructural stiffness
=conductance



Stability of defective tubes under optical excitations
(AE=0.9 eV)
(3,3)
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Time evolution of the electronic states
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Structural changes under illumination

¢ Self-healing due to new bond formation
Y. Miyamoto, S. Berber, M. Yoon, A. Rubio, D. Tomanek, Can Photo Excitations
Heal Defects in Carbon Nanotubes? Chem. Phys. Lett. 392, 209-213 (2004)



Reconstructed geometry

Stability increase due to
reconstruction
(bond formation across vacancy)

Does reconstruction affect
favorably transport in defective
tubes?




Quantum conductance of a (10,10) nanotube
with a single vacancy

Hrdrdigrdr g st aaa >
Do T s D i e e e e e s i
) = - -

S

Perfect tube

o
(10,10) nanotube with a Q

N 3 -
monovacancy S Defective tube
(O 2
1 ________
Missing /{] 1~ Dangling
network of it 0.5 0 0.5 bonds: O
electrons E (eV) electrons

H.J. Choi, J. Ihm, S.G. Louie, M.L. Cohen, Defects, quasibound states, and quantum
conductance in metallic carbon nanotubes, Phys. Rev. Lett. 84, 2197 (2000).

A single vacancy seriously disrupts the quantum conductance
of a nanotube

Good news for applications: Self-healing by reconstruction
may remove one of the sharp dips



Selective deoxidation of defective nanotubes

How to deoxidize? *By heat treatment? *By chemical treatment with H?

]

Intensity/ pmoles.g™

Temperature/ K

Y. Miyamoto, N. Jinbo, H. Nakamura, A. Rubio,
and D. Tomanek, Phys. Rev. B 70, 233408 (2004).



Alternative to thermal and chemical treatment
Electronic excitations!

O ———— —{ O-related
: {1 electronic
{levels

Energy level (eV)

/.




02s — O2p excitation (33 eV) hopeleSS

O2s




Auger decay followmg the O1s — 2p eXCItatlon (~520 eV)

126 fs

¢ Photoexcitations are long-lived oDeOX|dat|on by photo surgery



Summary and Conclusions

Ab initio calculations provide microscopic insight into
structural transformations induced by chemical reactions
and light.

Fullerenes and nanotubes can be hydrogenated by wet
chemical reactions.

Hydrogen can efficiently peel and unzip fullerenes and
nanotubes.

Time-dependent DFT simulations, combined with classical
MD simulations, provide insight into the dynamics in
excited carbon nanostructures.

Electronic excitations in nanostructures are long-lived and
can induce structural changes:

o transform graphite to diamond

o detach graphene monolayers one-by-one from graphite
o affect threshold energy for sputtering.

Thermal and electronic excitations may induce self-healing
in defective nanotubes or selectively remove impurities.
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