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The Scale of Things - Nanometers and More

7 ?!Things Natural

Dust mite
-~
200 um

Human hair
~60-120 pum wide

Red blood cells
(~7-8 um)

ATP synthase
DNA Atoms of silicon
~2-1/2 nm diameter spacing 0.078 nm
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Infrared

1,000 nanometers =
1 micrometer (um)

Visible

0.1 pum
100 nm

Ultraviole

| 001um
10 nm

1 nanometer (nm)

Soft x-ray

— (0.1 nm

Things Manmade

Head of a pin
1-2 mm

The Challenge

MicroElectroMechanical
(MEMS) devices
10-100 um wide

Pollen grain
Red blood cells

Zone plate x-ray “lens”
Outer ring spacing ~35 nm

Fabricate and combine
nanoscale building
blocks to make useful
devices, e.g., a .
photosynthetic reaction
center with integral
semiconductor storage.

Self-assembled,
Nature-inspired structure
Many 10s of nm

buckyball
~1nm
diameter

Carbon nanotube

~1.3 nm diameter

b B S

Quantum corral of 48 iron atoms on copper surface
positioned one at a time with an STM tip
Corral diameter 14 nm
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Excited Electronic States of Carbon Nanotubes

Louis Brus
Chemistry Dept, Columbia University, New York, NY

NSF Nanocenter Collaboration: among Heinz, O’Brien, Hone, Turro, Friesner,
and Brus groups at Columbia, and Zhu TEM group at Brookhaven.

1.Band Structure and Electron-Hole Binding — Excitons
Students F. Wang, G. Dukovic

2.Resonant Rayleigh and Raman Scattering from individual tubes and
Spectral Assignment M. Sfeir, F. Wang, L. Huang,
C. Chuang T. Beetz (Brookhaven),

3 Growth, Short Tubes, and the Diffuse Interstellar Bands
Z. Zhou, L. Zhang




SWNTs — a family of long molecules

>100 distinct SWNT structures defined by indices (n,m)

Defining structural features: diameter and chirality

Each physical structure has a unique electronic structure




some Chiral

Molecular Tubes—
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Images from Hongjie Dai



Huckel m and n* MOs (Band structure) of graphite

MO Energies are a function of electron momentum k(x,y) in

the plane of graphite
Electron momentum k 1s continuous for infinite plane of
graphite
204 9=0
P Vo = 3.033 eV

R i

(fitted to reproduce
ab initio results)

Semi-metallic behavior at K-points

Saito and Kataura, Topics Appl. Phys. 2001, 80, 213



Independent Electron Model: for one (n,m) tube, only a

series of momentum stripes from graphite are possible

Nanotube:

Electron momentum k
quantized around circumference.

Electron momentum remains
continuous along length




SWNTs in micellar solution

As-grown nanotubes: inter-tube interactions prevent solubilization

SWNT in SDS micelle AFM imag

o
4

8nm

o N b

O'Connell, M. J. et al; Science
2002, 297, 593-596.

avg. length ~ 400 nm

Micellar solubilization allows measurement of
well-resolved optical spectra



Experimental Micellar Optical Spectra of Semiconductor SWNTSs :

What are these transitions —delocalized HOMO to LUMO, or localized Bound

Excitons?
1.0
absorption spectra

0.6 - fluorescence -4 0.8
76) (113) (9.7) =
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2 0.4 - 404 5
< =

\/ - 0.2

’ EmﬂlyaEleﬂtr::ncEt:mi - 0.2 \\ 0.0

T T T f T — T
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velength (nm)

Pump wavelength 800 nm

[(n,m) assignment according to S.M. Bachilo et al. Science 298, 2361 (2002)]



Excitons Due to electron-hole attraction?

hv

hv

Exciton envelope wavefunction:

. Exciton Bound states below
Neutral excited state moves as a the van Hove Band Edge

unit along the SWNT?



Selection Rules for two photon and one photon spectra

Density of states:
(DOS)

Two photon absorption:

Fluorescence:

No Exciton:

Band edge

. onset

no shift

Exciton:

Is 2p
Band edge

onset

X v
forb;idden

| I
-
I !

large shift

Experiment: Measure fluorescence intensity as a function of 2-
photon excitation energy with tunable femtosec laser



Two-photon excitation spectroscopy

800 nm (1.55 eV)

130 fs
Ti:sapphire Soasi
Pump + CCD
+ InGaAs
Spitfire OPA / /
amplifier —
1200 — 2500 nm  [Sample

(0.5—1.0 eV)
Peak power ~ 108 W




Emission intensity ( arb. units)

Two Photon Excitation spectra of individual fluorescence peaks

l F. Wang etal, Science 308, 838(2005)

l (7,3)

(6,5)

1.2

) ) 1
1.4 1.6 1.8
Two-photon excitation energy (eV)

Energy levels of transitions
observed directly from 2-
photon excitation spectra and
emission peak energy

Vol

Is 2p
Band edge




Exciton energies

(6,5) nanotube

d;=0.76 nm

band gap 1.7 eV
19 2U

Continuum states

E2p - E1s
0.31 eV

Ebinding
0.43 eV

For comparison:

Poly(phenylene vinylene) ~ 0.35 eV
Semiconductor nanowires ~ tens of meV




Many-body effects in SWNTs

250
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b ! — with e-h interaction
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Spataru, C. D.; Ismail-Beigi, S.; Benedict, L. X.; Louie, S. G. Phys. Rev. Lett. 2004, 92, 077402.

Predictions:
1. Optical transitions due to bound electron-hole pairs (excitons)
2. Increase in band-gap energy (band-gap renormalization)




Scaling of exciton binding energy

0.42 -
0.40 -
% 0.38 -
~ 0.36
3
<, 0.34
c
T 0.32 1
uT 0.30 -
0.28 -

binding lu —

_0.34eV

d,

1.0

1/d, (nm )

1.1

1

1.2

1.3

Consistent with theoretical predictions

(Perebeinos, V.; Tersoff, J.; Avouris, P. PRL 2004, 92, 257402.)

Dukovic, G. et al; Nano Letters 2005, 5, 2314.




Topic 2: Optical Spectroscopy of Single Nanotubes
Can we identify individual tubes?

Existing techniques:
* Resonance Raman spectroscopy.
 Fluorescence Excitation Spectroscopy.

We perform white light Rayleigh scattering spectroscopy.

Advantages:

 Direct probe of electronic transitions, intrinsically stronger than
Raman Scattering.

* Present for both semiconductor and metallic nanotubes.
Data recorded in parallel — 1 minute signal averaging




Theoretical Rayleigh Scattering from a Cylinder

rﬂg—ﬂz
13

Qsca o« £=¢gq + g,

(23,0)_

- O

)

1.0 1.5 2.0 25 30 35 4.0
eV

Peaks in the Rayleigh scattering spectrum are due to the peaked dielectric
function, from interband transitions (above) or possibly excitons.

The scattering cross section for a single nanotube is ~ 0.1 % of total
extinction. The two become comparable at a diameter of around 40 nm.



Supercontinuum White Light Radiation generated in a
microstructured core optical fiber

* High brightness — like laser - 4S5poe citr1a L?Sgr? m

Large spectrum bandwidth — like a light bulb




Rayleigh Scattering: Experimental Setup

Supercontinuum Generation

WVW laser system

Argon Laser Mode-locked Ti:Saph
nonlinear fiber i coupled to microstructured
fo/_' T Ti-Sapphire fiber optic.
piezo (oscillating in z)
supercontinuum light .
Laser brightness YW polarizers =
Spectral range: = P spectrograph and CCD
450-1550 nm E E Scattered light is corrected by

.+ reference beam fT the supercontinuum spectral
\A ! profile giving the Rayleigh
\GTE ®I -------- »/ spectrum
' larizer.
" polarizers

excitation and collection
objectives

@ spatial filter (pinhole)
J

. scattered light

transmitted light



Growth and Imaging

CVD Growth Process m

Si/Si0O, substrates with slits patterned by
optical lithography and wet etching.

Directional growth determined by flow
direction of feed gas, lengths > 100 microns:

« CO, methane, and ethanol gas Isolated SWNT

* Fe, FeMo, and CoMo catalysts

slit edges

Imaging

Look at total integrated intensity on CCD to
find tubes. Correlates to SEM images. nanotube

= scattering

Single tubes scatter light much less than
bundles. Distinguishable from the number of
peaks in the spectra and width of features.




Experimental Single SWNT Resonance Rayleigh Spectra

M. Sfeir etal, Science 306, 1540 (2004)
Scattering DOS

Semiconducting Carbon Nanotube Es; =

Two well separated E,; and E,,
transitions for larger diameter tubes, = =
E,; and E,, for smaller diameters.

-t

T 1 | | | | |
16 18 20 22 24 26 28

eV

Metallic Carbon Nanotube E,, }

Single E,, transition observed in the
visible — sometimes split into two very
close peaks by trigonal warping effect

16 18 20 22 24 26 28

eV



Determing Nanotube Structure by TEM
Diffraction

Analyze electron scattering signal from ~ 50 nm collimated electron beam.

B
= ;
= i
= i
8
= [ st : .l . ) T
- 7 0,
B (nm")

b diregtion

Equatorial Oscillation .JF;{.TEHL}G)

Gao, et al., Appl. Phys. Let, B2{18) 2703. {2003)



First Successful Structural
Assignment of a Rayleigh Spectrum

Rayleigh Scattering (Columbia)

e dt~1.6-1.8nm i

16 1.8 2.0 2.2 2.4 2.6
eV

Through combination of TEM

TEM Diffraction (BNL)

* semiconducting « 8 = 23.8 degrees

~1.8 nm

and Rayleigh

scattering, transitions assigned to (16,11).

T. Beetz, Y. Zhu Brookhaven — M. Sfeir Columbia

Science 312, 554 (2006)




Scattering Spectra along the Nanotube: Single
Tube

Does the nanotube keep the same chirality along
the entire length?

1.8 4
| top of the tube
L bottom of the tube
144
=' -
& 1.2-
= J
40 pm £
£ 084
(1]
s ]
» 0.6
0.4 4
0.2 4
0.0 T v 1 - I i I = ! - I

1.6 1.8 2.0 2.2 24 2.6
Photon Energy (eV)

Yes. Atleastup to 40 um, a chain of several millions
of carbon atoms.



Scattering Spectra along the Nanotube:
Single Tube to Small Bundle

Small Carbon Nanotube Bundle

Four or more peaks, broadened

compared to single nanotube spectra.
40 um

Bundling Effect, Tube Interactions

When in bundles, spectra broaden
and red-shift by approximately 15

meV. g

0.5

0.4

0.3

0.2

0.1

0.0 ,
16 18 20 22 24 26 28 500

] ] ¥
600 700 800
Wavelength (nm)
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1.2
1.0
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0.4
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Correlated Raman and Rayleigh Scattering from the
Same Semiconductor Nanotube

Rayleigh

- RBM " i

1 | | | | |
-400 200 0 200 400 1520 1560 1600 1640
cm™! cm™!

radial breathing mode = d=1.89nm
(21,4) nanotube: d=1.85nm. E;;=1.87, E,,=2.10 (tight binding model)




Rayleigh and Raman from Metallic Nanotubes

Rayleigh Scattering Intensity (arb.u.)
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Wu, Maultzsch, Heinz etc to be published,
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Electrostatic Gating varies width of phonon Raman

N
o

Peak Width I", (cm™)
=

o

Raman shift (cm'1)
1500 1&80

® 40V
® 0V
s [t

Raman Intensity (a.u.)

-40 -20 0 20 40
Gating Voltage (V)



* Topic 3: SWNT Nucleation, Short Tubes, and the Diffuse
Interstellar Bands

The Diffuse Interstellar Bands




5y nthetic D 'i]!u:'-::'ll'll.m for 41 190705

;: | w ” "1 ]"VH ”Il"l'lm'l | | | 1 Diffuse Interstellar Bands
F ]
ME' Electronic Transitions due to an
: . Unidentified Family of Large
'”‘E 1 Aromatic Molecules
t ]
07 Perhaps flat aromatic PAHS.
DL Could they be due to tubular
: | PAHs, that is, short stubs of

S000 5500 6000 6500 "jur'u[:' "}5lufp HO00 8500 9000 I‘;Flli[li mnmSWNTS?
wavelength (A)

Fig.2. Entire synthetic DIB spectrum (4650 to 9950 A) for
417 1907+09 generated from the 180 identified DIBs and measured
absorption features and their respective central wavelength posi-
tions {(Apme ), equivalent widths { EW) and full width at half maximum
(FWHM). This spectrum does not include stellar features nor atomic
interstellar lines.
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Fig. 6. Ultra-high resolution spectrum of the A6614 diffuse band showing fine strue-
ture. The solid lines in figures (a) to (d) are fits from different starting parame-
ters corresponding to a range of molecular size/rotational temperature {~10-100K)
52] for details. Reproduced with permission from [52].
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Graphite dust and PAHs are present in the Interstellar Medium

PAHs emit vibrational luminescence following electronic excitation
under collision free conditions

B. T Dyaine

How are they formed?

A0m

Fig. 1.3, PAH emussion features in the 5-15m emission spectium of the reflection
nebula NGC 7023 (Cesarsky et al. 1996), and four PAH molecules, with examples
of mono. duo, trio, and quartet H sites indicated.

Carnegis Observatories Astrophysics Sevies, Tol 4:
Origin and Evelution of the Elsments

ed. A. MeTilliam and M. Rauch {Cambridge: Cambridge Univ. Press)

Interstellar Dust

B. T. DRAINE

Princeton Unhversity Qbsarvarory



Astrophysical Graphite Formation at High Temperature

e € it
e : J!il'i

Log Fraction of C in sach species after remaving CO
_ =
%

e

04

1000/ T

Fiaa. 3, The ratio CAO = 1,122 a5 in Fig, 2, but tor P = 50 dyne/
' Now HON is a significant component. Note ihal graphite now
ondenses after TiC, but before 5iC, Also note the presence of ad-
itional condensates, AIN and CaS, at low temperamures, The dashed
nd dotted curve labeled | O] 15 the fraction of the total oxygen that
e ol i 00 and can be read ofl of the same scale (e, at 1000/ T
= LR, (O] = 107"

Graphite and PAH formation in the
outflows of Carbon Rich Stars:

Graphite condenses from acetylene at
about 1700 K in equilibrium
thermodynamics -- probably supercools
to about 1200 K.

Fe in about 10% abundance compared
to carbon. Fe predicted to be present as
neutral metallic clusters.

Perhaps short stubs of SWNT are
formed on Fe clusters.

"~ Sharp and Wasserburg, Geochem.
Cosmochem. Acta 59, 1633 (1995)



How are SWNTs made? Chemical Vapor
Deposition 800 C on a metallic Fe particle catalyst

Images from Hongjie Dai

Reduced metallic Fe present in outflow of stars
C/Fe ratio about 10/1
Thus, formation of tubular graphite near C rich stars??



aboratory Nanotube growth at very low pressure
Lin etal Nanoletters 2006, 6, 449

TEM images acquired after growth and cooling

5 nm
I

catalyst

10 nm

Catalyst:
Ni supported on MgO

C-source:
C,H,~ 10 torr

Figure 1. TEM images acquired after growth. (a) Bundled SWNTs:
(b) nanocages: (¢ and d) base growth of SWNTs showing a direct
relationship between Ni catalysts and diameters of SWNTs.

particle diameter < 6nm
- SWNTs

Particle vs. nanotube
diameter = 2-1:1

bigger particles -
nanocages




Fe clusters grow to perhaps 7-10 Angstroms diameter
— they then begin to catalyze growth of narrow diameter tubes

Finite pieces of the (5,5) metallic tube: Hybertsen, Steigerwald, Zhang,
Zhou

Cis0Ho LUMO
3 :




Length guantization
: o ; Energy bands Of (5 5) CNT

00

00

Energy (eV)

L=(N+1)a2 |

Quantum confinement:
sin(k,L)=0

Allowed states: 00 02 04 06 08 10

_ i/
k;=2Jn/(N+1)a € Kpo6mna
Ding, Yan, Cao PRB 2002



Size Dependence of MO States
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Oscillator Strength
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Intense, charge transfer, end-to-end optical transition
moves to lower energy as tube lengthens
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GRAPHITE, TUBULAFR. PAHs, AND THE DIFFUSE INTERSTELLAR BANDS

Zarvon Zaou,! MattHEw Y. SFEIR,! LE1 ZHanG,! Mark S. HyBerTSEN,” MICHAEL STEIGERWALD,' anD Louis Brus®
Received 2005 October 12, accepted 2006 January 8§, published 2006 Jamuary 26

ABSTRACT

Planar polycyclic aromatic hydrocarbons (PAHs) are candidates for the diffuse interstellar band (DIB) carriers.
Nanometer-size Fe metallic particles. expectad to be present during astrophysical graphate growth, are catalvtic
for formation of a related species—Ilarge tubular PAH molecules. We propose that tubular PAH molecules are a
component of the mterstellar medium. Electronic structure calculations, on a specific fanuly of tubular PAH
molecules derived from elongated Cg;. reveal intense electronic transitions in the visible and near-IR. which vary
systematically with length. We analyze these molecules as DIB carriers within the known constraints.

Subject headings: astrochemistrv — dust, extinction — [SM: molecules — stars: carbon

Perhaps short stubs of metallic carbon nanotubes are carriers of DIBs



Summary

Exciton binding energy about 0.4 ¢V -- SWNT optical
peaks are excitons.

Exciton Auger recombination extremely fast.

Rayleigh scattering shows strong exciton optical transitions
and distinguishes between metallic and semiconducting
tubes. Phonons strongly coupled to electrons in metallic
tube Raman.

Astrophysical nucleation of graphite and PAHs should be
catalyzed by Fe clusters — short SWNT's may be carriers for
Diffuse Interstellar Bands



