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Oven Growth of GaN

Ga Products on Matrix EIAhI et al, JAP 2003

(b) At the middle part  (c) At the downstream side

VPE Growth of InAs Nanowires/rods

GaAs In Plate In Powder sic
N; 10 mm
—_—
or NH,
BN Boat He et al, APL 2003

AL,
e Pt
FIG. 2. SEM image of InAs nanowires grown o a Ny flow rate of 50 scem,

a pressure of 200 Torr, and a temperatire of 570 “C for 6 b, and then 500 C
for 30 b,

FIG. 5. TEM image of an InAs napowire grown under the same conditions
as those in Fig. 2. The image on the lefi-hand side shows the selected-area
electron daffraction pattem (1113 of the nanowsre produced in the growth
FIG, 3. SEM image of InAs whiskers grown at a temperature of S70°C, o direction [110]. Diffused rings are from the surunding carbon coating of
Ny flow rate of 30 scem, and a pressure of 200 Toer for 36 ho the sample hobder.




Seeded Growth

Figure 4. Gas-phase growth of oriented ZnO ires on itaxial suk (a) ZnO nanowires grown on a silicon (100) surface
from acetate-derived seeds; image taken at a 457 tilt. Inset is a p]an -view image. (b) ZnO nanowires grown on the same surface without
seeds (but with gold catalyst), imaged at a 45° tilt. Inset is a plan-view image. All scale bars are one micron.

Greene et al, Nano Lett. 2005

Zn0O Nanowires on Al,O,

Huang et al, Science 2001 catalyst-free

Sapphire, with Au pattern, was placed in close proximity
to a boat containing ZnO powder in furnace (Ar). Park et al, APL 02 MOVPE DEZn, O,, Ar

Initial LT Growth (coarsening) before
400-500°C growth.




VLS Growth With Gold Eutectic
a a 1236 °C
1414°C liquid
1064 °C
1064°C liquid + GaAs,,,
{AuSik + Sis 630 "C
100.0 Au atom % 00 Au
363°C 0.0 Ga 50.0 Ga
0.0 As 50.0 As
b

Hu et al, ACR 1999

Ge Nanorods on Si(111)

Au particles

= oI

-—y_ ';,-“T.] §oe

1063°C |

mperature *C




Nanowires On Step Edges

o
R e

Lin et al, APL 2001

FIG. 1. Schemaic of the self-assembly of Fe nanowires on stepped Si with
a CaF; mask. {Top) Hand gap modulstion with a periodicity of |15 sm. Caf’
Bas states that can interact with the highest occupiod and lowest unoccupied
cabitals of sdsoebed fermeene (HOME and LUMO. CaF'; docs nol. (See-
caud] CaF; stripes on a CaF /5111 surface obeained at a CaF; exposure
between | and 2 monolayers. The CaF; stripes are amached so the upper step
cdges. (Third) iLeft) Sclective deposition of ferrocene im the CaFy wenches. 1y 3 STM femages of the initial and fimal seages in the self-assembly of Fe
Righi) Diagrams of energeics af femucene on the swface and i the gav oS N B BT U SRS SRR
phase. (Borioen) Deposition of Fe wires i the CaF, trenches afer photolysht g S0y conerie o6 10 monclayers of Caf. {otiom) Lisear armay of
of auborbed ferrocene. {Cp=cyclopentadienyl). P Wt 3 0t el AT L. W i, i cebiehy il T
trenches by plotalysis of fesrocens: |0 100 nre’

Strain Anisotropy

Chen et al, JAP 2002




Nanorods, Nanowires

e T T T 1

Figure 3. (a) Schematic of PDMS patterning of Au colloids. Bricfly, a PDMS stamp is molded to the relief pattern of a photoresist master
After curing the polymer, the stamp is removed from the master and “inked” with a solution of poly-L-lysine. The stamp pattern is transferres
to the Si (111) substrate, which is then immersed in the Au colloid solution. The colloid- 1 sub is grown using the conventiona
VLS—CVD synthesis, resulting in a corresponding pattern of SINW arrays. (b) Cross-sectional SEM image of PDMS patterned SiNW
growth, and (c) plane-view SEM image of the same. Scale bars are 1 ym.

Hochbaum et al, Nano Lett. 2005

Nanowires

(c) Silicon Kal
vxygen Kul o

S nm |

FIG. 2. (a) TEM image of taperlike Si nanowires. (b) High-resolution TEM
image of a taperlike SINW. The growth direction is along [112] direction.
Inset shows the selective area diffraction pattern with [111] zone axis. (c)
TEM image of taperlike SiNWs for the tip area shows that it is free of metal
catalyst. (d) The EDS spectrum for the tip region. (e} The EDS line profile

of the taperlike SINW. Chueh et al, APL 05



Colloids

Abmcrtxans (arbitary Ut}
E;/
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5.1 nm CdSe particles
—_— - 200 350 400 450 SO0 S50 800 @80 MO TG
Lt Wirvelangh ines)

* To achieve monodispersed CdSe (CdS, CdTe) quantum dots,
organometallic reagents are rapidly injected into a hot coordination
solvent to induce short burst of nucleation. Subsequent slow growth
(Ostwald ripening) leads to dots uniform in size.

380 a0 Te? 500 Bs0  BOO
Wavelength (nm}
1. Example of the effect of size-selective precipitation on the

* Can monitor the absorption spectrum to adjust the temperature phety £ ~37 A di Cds (8] Room
(distribution broadens = lower T). Can extract particles of different eptical spectrum of the ites in the
sizes after different growth times. Certain “favorite sizes” exist. ik dobukion beloes ""‘“"!":: ?‘M'mfm"“: after
* Colloid surfaces are capped for controlled growth and repulsion in 1-butanal and size-seloctiy .

between particles. Chemicals can be added to increase the solvent bk """"f“:‘lw aftar & Moal dsssmlactive precipliation
polarity which reduces barrier to flocculation, especially for larger
particles. Flocculate can be removed and dispersed. Supernatant can

again flocculate for finer size selection.

Murray et al, JACS 1993

Colloidal Nano-particles

a0 T stacking faults

55 J
501 B
a5l effective mass theory |

40

L

Energy (eV)

LI

Intensity (arbitrary units)

Diameter (4)

HOMO-LUMO gap

Murray et al, JACS 1993 wurzite



Plasma Enhanced CVD Quantum Dots
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Oda et al, JP 2001

Buckminsterfullerines Cg,

Now form of carbon. Cg, structure consists of 12 pentagons and 20
hexagons. 120 symmetry operations! Chemically stable.

Easy to fabricate. Use arc machine to produce black soot in inert gas.
Use chromatography to separate out C, ( with some C,, and C,) in
solvents.

The discovery of C, in 1985 led to a Nobel prize in chemistry for
Curl, Kroto, and Smalley in 1996.



Fullerene Chemistry

fullerene family

fullerene compounds

(>9,000)
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Quick Facts About Carbon Nanotubes (CNT)

1. A new form of carbon, first discovered in 1991. Instantly became
a model self-assembled 1D system for “nano-scientists”. As of 2005,
more than 1300 papers have been published and 120 patents on the
fabrication of CNT have been filed.

2. Potential applications in composite polymer materials, high-
capacity battery electrode (Li-intercalated), field emitters, nano-
electronics, nano-sensors, catalyst for oxygen reduction (fuel cells),
hydrogen storage media.

3. Various structures from small as 0.42 nm diameter. Can be
metallic or semiconducting, depending on chirality.

4. Good ballistic transport properties, high thermal conductivity and
optical polarizability.

5. Main methods of fabrication: laser ablation, arc-discharge, CVD.



What are carbon nanotubes?

carbon nanotube: rolled-up sheet of graphene

@ __ ©

(a) Armchair

Armchair Face

Can be viewed as “elongated fullerenes” e.g. Cgy, 105 Coor18p Crgiapp -

Early Growth of CNT

] ARC DISCHARGE

graphite electrodes (gap ~ a few mm)

T

dc arc discharge (typically 100A, 30V, a few minutes)

£
®

pressure 10-760 Torr Ar, He, etc. (CH,)

MWNT grown from cathode (soot all over chamber,
spider webs, spaghetti, etc.)

Iijima Nature 1991
SWNT with metal catalysts (powder placed in hole

drilled in anode)

flowing Ar
- ST I
)

TSRS == g : — Laser Ablation

_metal-graphite composite

Guo et al, JPC 1995
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CVD Fabrication of SWNT

bimetallic Mo/Fe

nanocluster catalyst _"r_“;‘}\

methane CVD

T \ HiPCO
\ % CO CVD
Yl
A" alcohol CVD
214
a0 Diamatar SWNTs
Average diameter: 1.05 nm 514 nm
SD:0.18 nm {17%) 3000
5 2500]
Snd S
60- Em
1500/
a — : \J\_
o 1000/
00 05 1.0 15 20 25 30 ol
Dlamdter:jm) 100 200 1500 1600 1700
Farnan Shift (om ')
mammd«mmmmmmwam
catalyst for chomical vapar )
mwmmmfammamjmmmurz
{Mopva, pentagons, and the reduced Keggin nucleus condaining 12 Mo atoms i in the .
canlor. B Atomic force microscopy (AFM) image of SWINTS grown using the molpcutar Liu et al, MRSB 2004
nanociuster as a catalyst. (c) Déametar of SWNTs grown attached

FaMo nanockestars ms-bmdmodssw‘hcw flt memundmsmspﬂm
showing & size range i with AFM

Catalyst-Aided SWNT Growth: Tip Growth

ENC) (V)

SWT growth involves at least one open
end. Metal atoms (Ni) inhibits the
formation of pentagons which initiate the

ﬂ closure of the open ends of CNT. Ni-C

bond strength is strong to be comparable

to carbon bonds in nanotube (also so that it

doesn’t desorb easily), yet still mobile to

anneal defects before they are incorporated
9 in the growing structure.

e T Binding energy and equilibrium
j—<=>=<: height of Ni to the edge of an
I R armchair CNT.
Poaition alang esge (A}

Lee, et al, PRL 97
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SWNT Growth: Base Growth (Root Growth)

(@) (b) kick-out mechanism
f f ta}’ ‘ ‘ (b}i ‘ i

' '

o0

handle

heptagons

Handdle site Energy

A ]
B —0.1
C 0.3
D 0.2
E 0.05

Carbon atoms dissolve in metal
particles then precipitate out.

Maiti, et al, PRB 97

Capped Ends of Nanotubes

pentagons and
heptagons

Lip-lip interaction stabilizes the open-ended
growth. Bridging bonds continuously break
and re-form to facilitate the rapid absorption
of carbon atoms.

12



Chirality Of CNT

graphene
de.c=0.142 nm
C,, = na, + ma, (chirality vec.)

radius = C; /2

W ecese e
.&@‘—‘6... zig-zag

<)

armchair

(n, n)

06=30°

chiral (no mirror
symm.)

(n, m)

Electronic Structure of CNTs

bonds and bands of various forms of carbon:

Four valence electrons per atom.

Common bonding configuration sp; and sp,.

@) — Avouris, CP 2002

Fig. 1. (a) Sch i il ion of the ion of a be by folding of a section of a graphene sheet. The folding and the
resulting nanotube can be churacterized by a chirality vector € = g, + ma, = (n,m), where g, and a, are the unit vectors of the
hexiugonal lattice, When point B is brought over point A a tube with a circumference C is generated, In the example shown
€ = Sa; + 2ay, and the tube is labeled as {5, 2), (b) Top: Band-structure of the 2D graphene sheet {in gray), The valence and conduction
‘bands meet at six points (K-points} lying at the Fermi energy. Bottom: The first Brillouin zone of graphene. The black lines represent
the states of a (3, 3) nanotube. They are cuts of the graphene structure that are selected by imposing the condition that the perpen-
dicular wavevector & satisfies the condition: & « € = 2my, where jis an integer. If the states pass through a K-point (as in this casce) the
tube is a metal, while if they do not, the tube is a semiconductor.

13



Chirality and “Band Gap” of CNT

Real Space Reciprocal Space

(n, m) CNT is metallic when n-m = 3j, where j is integer
(n, m) CNT is semiconducting when n-m = 3j + 1, or 3j + 2

SWCNT Band Structure

Let a, = a(l,0) and a, =a(l/2,— \"3!2). The chirality vector for a (3n, 0) CNT is at
(3na, 0). The reciprocal vector is at (2n/a)(1/3n,0). Since K-point and K’-point, where
the m and n* band touch, are at positions 2n(1/3a_+ \5 /3a) and (4n/3a,0) in the

reciprocal lattice, CNT with (3n, 0) chirality vector obviously cuts through K(K”)-point.
Also, (n, n) chirality vector cuts through the K(K) point. Let’s calculate for CNTs with

chirality vector (3+n, n), which has a length of a./(3+n+n/2)" +3n° /4 and is atan
mﬁ.’Z

angle of tan™'| -
3+1.5n

]_ The length of the reciprocal space vector is

21/ af(3 +1.5n)° +3n° /4 ). The coordinates in reciprocal space is (2n/a)

[(3 +1.5n)% +3n%/ 4]" [3 +1.5n, - ny3/ 2] . The distance between K-point and I'-point
is 4m/(3a). Use the Pythagorean theorem to verify that the angle between the line
containing K(K")-point and the chiral reciprocal vector and the line containing reciprocal
chiral vector and the origin is indeed a right angle. We have, neglecting a factor of 27/a,
{i_&] + £+ n\E‘.I’Z & I_ :i_ Indeed, this angle
3 9430+ 3 94+3n +9n 9+3n"+9n 9

is a right angle because 4/9 is the square of 2/3. Using similar method, it can be shown
that folding with chirality vector (2+n, n) or (1+n, n) fails to include K and K’ points on
the 1D band diagram.

14



Electronic Structure & Optical Properties

E] E van Hove singularities
= 15 dN:(é)dk
T
10
= =
2 2
> S =
= o free electrons
2 2
w w
) 0 kz.lzm(E—Eo)
. -5
—_—
| o wdE | _m
0.0 05 1.0 15 h \2(E-E,)

Jorio et al, MRSB 2004 Wave Vector DOS (states/C atom/eV)

Figure 1. (a) The calculated constant-energy contours for the conduction and valence bands
of a graphene layer in the first Brillouin zone using the m-band nearest-neighbor tight-binding
model.® Solid curves with dots show the cutting lines for the (4,2) nanotube.® (b) Electronic
energy band diagram for the (4,2) nanotube obtained by zone-folding from (a). T gives the
length of the nanotube unit cell along the tube axis. (c) Density of electronic states for the
band diagram shown in (b).

Optical Determination of CNT Chirality

E,(d) [eV]

0.4 0.9 14 19 2.4 VR

d, [nm] S: semiconducting

M: metallic

10

2 4 6 ]
Density of Electronic States

“Kataura” plot

Filho et al, NT 2003
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Fluorescence Spectroscopy

§

Excitation wavalength (nm) [+ &, rnsition]

band gap ~ 0.9
eV/d (dia. in nm)

24p 11
o
u-% i‘u
: u:m. =
2 )
i 8 1 iy
e @ il
18 y L P Bachilo,
i I T RS | il Science 2002
500 800 o0 B0 900 1000 1100 1200 S D7 B8 08 D 18 12 13
Excitation waveieng® (nm) D ]

Measuring Diameter of SWNT

4

08 10 11 12 13 14 15 186
Inverse nanotube diameter (nm-1)

Intarsity (a.u.)
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Isolation of Individual SWNT

Aggregates and bundles conceal the property of individual SWNTs.

Need to separate out individual tubes and prevent them from reattaching.

Vigorous sonication in aqueous solution with surfactant, followed by
centrifuging, leading to micelle-suspended nanotubes. (SDS = sodium
dodecyl sulfate)

O’Connell et al, Science 2002

Preferential Deposition of Metallic SWNTs

Rayleigh scatterad
light from the dielectro-
phoretically deposit-
ed SWNTs and the elec-
trodes, recorded with an

Raman spectra
of SWNTs deposited
via ac dielectrophore-
sis compared to a ref-
erence sample depos-
ited on Si without the
application of an elec-
tric field.  RBMs as-
sociated with metallic
(blue) and semicon-
ducting (red) SWNTs.

Intensity (a.u.)

2

]

[

AC Electrophoresis.
Krupke, et al Science 2003

samplo | | [ roforonce | %

ar G b electrophoresis: the movement of
1L i B suspended particles through a

1l i fluid or gel under the action of an
dL Jdx electromotive force applied to

|t electrodes in contact with the

: : 1 Lo suspension
200 300 200 300
Raman shift (em)
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Selecting Semiconducting CNTs

Gis)

1w0*
F after before
w E
i § f1 s
10" | | ]
=10 5 : 5 10
Ve (V)

AFM

L
.00
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Fig. 5. Time-dependence of the current flowing through a
It fned hrsskd

be during current:

Avouris, CP 2002

Gas Storage & Peapods

Sloan, et al, MRS Bull. 2004

AG: as grown (closed ends)
HT: heat treated (open ends)

g

2

E

Volume V [cm“(slp)fg)

0
0.0

0.8 (K]

Fujiwara et al, CPL2001
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CNT FETs

Drain
Source 3
—l—
Gate

3

&
itn

Drain Current (1) [LA]
-
)

&

000 02 DA 08 08 AD Az A4
Drain Voltage (V) [V]

Doping of SWCNT

doping of semiconducting SWNT
K, O,,

107 1
0% 4 >
Z 107 P
S
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=10 4 After
vacuum .J
10 _-"'__ annealing
102
-2 0

Fig. 13. Changing output characteristics of an initially p-type
carbon nanotube field-effect transistor exposed o increasing
amounts of potassium.




SWNT p-n Junction

(a)

(L]

Contacts

CNT
|

1Si0, 1

Si

VG1 VG2
Split Gates

Lee et al, APL2004

10t

Transport Properties of SWNT

applied bias

Eph :hcph kph

f

10* m/s

Avouris, Chem. Phys. 2002

For metallic SWNT, the graphene K and K’
belong to the 1D Bruillouin zone. There are
two modes with linear dispersion (zero mass)
crossing the Fermi energy at k; and —k;. One
mode involves electrons moving to the right
and the other electrons moving to the left.

There is nearly ballistic transport in metallic
SWNT because of very limited phase space
for scattering event. Optical phonons are
inaccessible at RT. Intraband (A -> A”)
acoustic phonon scattering is also
unimportant. Only interband (A -> B)
transitions are allowed, however, there are
strict selection rules on the type of phonons.
There is however, electron-electron
scattering.
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Transport Properties of SWNT

04 -
-8.4 -8.0 -7.6
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< Lo Bum ) 5 0 5 10
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metallic semiconducting

McEuen, et al, PRL 99

Coulomb Blockade

2 example: metal sphere
F = Q / . 1 Qz
c 20| C=4ngR “are, 2R

When objects get smaller, the charging energy can

exceed thermal energy. If electrons are to tunnel onto
the island, the capacitor must be charged. Therefore a
threshold bias voltage is needed for electron transport.
Below this voltage, electron transport is suppressed, as

shown in figure, and no current is observed. Only if a 005 |n|
larger voltage is applied can electrons tunnel onto the \/
island and further to the other reservoir.

000

theory ]

G (units of e/h)

0 0 20
A, (mv)

FIG. 4. Top panel: two-terminal conductance vs gate
voltage of channel U3 for T = 3.2, 2.5, 1.6, and 1 K, frem
top to bottom. Bottom panel: conductance calculated from
Eq. (8) for ¢*/C = 0.6 meV, AE = 0.1 meV, o = 0.265,
AT = 0.027pE,, and twofold degeneracy.

Current Ip

“Votlage the GaAs 2DEG
Staring et al, PRB 1992



Coulomb Blockade

FIG. 3 Single-electron tunneling through a quantum dot, un-
der the conditions of Eq. (2.6), for the case that the charging
energy is comparable to the level spacing. An infinitesimally
amall voltage difference is assumed between the left and right

reservoirs.

ol
E}y = Ex+(N - })= = Ep + eden

C

van Houten, NATO 1992

(2.6)

Source-drain voltuge (mV)

Figure 23 (a) Schematic of a 2D circular quantum dot formed in o GaAs/AIGaAs heterostroe-
ture. (b) The differential conductance dIidV as a function of both gate voltage and source drain
bias, plotted as a gray scale. The white diamune regions correspand to different charge states of
the dot. A larger charging energy is observed for N = 2 and 6 electrons on the dot, correspanding

to filled electronic shells, The additional Hnes on the diagram correspand ited
of the dot. (Courtesy of L. Kouwenhoven, } o L

1D Conductance

Ballistic Transport
Conductance Quantization

Hi — H, =elV V=T

I= ﬂsz dn% .
m dE

dn., dn, dk _ z 1 dk
dE ~ dk dE G 7 dE
# occupied bands
N 2¢?

I=["dE LNV  me=129k0
7h h

H

Landauer 2¢?
— ~

G="

formula h \

Conductance (263%h)

1
=20 -5 -1.6
Gate voltage (vults)

transmission coeff.
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Non-carbon Nanotubes

3.0

BN-SWNTs

<
&

BN nanotubes

n
=

hexagonal BN wide gap
semiconductor (Eg ~ 5.8 eV)

@

Optical Density (a. u.)
@

optical absorption
Lauret et al, PRL 2005

/f 5 6

below sheet bandgap! Energy (eV)

M i bt
= = 5
z
2
a8
Lee et al, PRB 2001 g 42
/v 46 L,
. 3 4 5 6 7 8B 9 1011 12 1314
SiNT Durgun et al, PRB 2005 n

Zeolites

CRYSTALUSE ZEOLITE

5i-0, Al-0 bonds Si-0-Al bonds
hydrothermal process

Cundy, Cox, MMM 2005
template molecule
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Micro Self-Assembly

£ b al
® neiis ) a i s bl ™
! Au (5 nmyCr (40 nm) - }
' S g (200 AmVC (5 ) K ~ o—
g e M [
T (ﬁ

J Electrodepasit Au o
KX X J o o
—" 1) Dilute with water

J Evaporate Cr

Cr {50 nm}

e
_/

1) Dissolve photoresist with acetone
2) Dissobve Ag with 35% aq. HNO3

—

hv {1.=365 nm)
Sonicate in HS{CHa)15CHa orA
{10 mM, EXOH) & Remave

o A, coverad with Q B

0"9'10% CHg-terminated SAM
S (hydrophobic) - 10 pm
i
CHEORNAMIRERITCHEON) Clark et al, JACS 2001
5

Evaporation Induced Self Assembly (EISA)

Micelles spatially
separate and
organize hard & soft
precursors

Brinker et al, Adv. Mater. 1999
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Self-Assembly of Mesophases

Fig. 3. Representative TEM images of gold

ranocrystal . {A) and (8]

[106] and [210] orientations of bulk samgples

prepared sccording 1o pathway i-5-i (Fig 1

and coresponding to Fig, 24, carve b, (inset a1,
M

NCsilica thin-film mesophase. (inset ¢ Select-
ed ares Silfraction pattern from imuage in (C].

+ Secondary layer thickness d,

Fan et al, Science 2004

Dip Coating
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Lu et al, Nature 1997
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Aerosol Processing

Lu et al, Nature 1999

Solution
Reservoir

Modification of Mesophase

UV Light
v v

i S T

Optically exposed film

Scheme 1 : seloctive etching —
lHuI treatment \ ==

Schema 2 : gray scale patieming

(lower surfactant conc )
Pire > Panier
Yeliow (Sghter) regions are UV exposed  Blue (darker) regions are not exposed

—
70 nm 70 nm

unirradiated irradiated

Doshi et al, Science 2000
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Photo-responsive Membrane

TEOS/TSUA bce
mesostructure

Liu et al, NL 2005

Light Quartz
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Figure 4. /-1 behavioe of s ve nanocomposite film
under abiemaie cxposire 1o UV (360 nm) and visible light (435
nm). (Last eycle uses room Hght, $00—T00 nm ) st is the

a1 356 m (7—3° trassition of the trans ssomer) of the
same film imisersed in the buler solution containing 1 mM FIM.
The time scale of the LV/vis data comrespords 1o that of the fire
yele in the -1 resporse curve wsing DM as the molocalar probe.

azobenzene (trans © cis)
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