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ABSTRACT

Syn thesis of carbon nanotubes by chem ical vapor deposition over

patterned catalyst arrays leads to nanotubes grown from specific

sites on surfaces. The growth directions of the nanotubes can be

con trolled by van der Waals self-assem bly forces and applied

electric fields. The patterned growth approach is feasible with

discrete catalytic nanoparticles and scalable on large wafers for

m assive arrays of novel nanowires. Con trolled syn thesis of nano-

tubes opens up exciting opportun ities in nanoscience and nano-

technology, including electrical, m echanical, and electrom echanical

properties and devices, chem ical functionalization , surface chem -

istry and photochem istry, m olecular sensors, and in terfacing with

soft biological system s.

Introduction

Carbon nanotubes represen t one of the best exam ples of

novel nanostructures derived by bottom -up chem ical

synthesis approaches. Nanotubes have the simplest chemi-

cal com position and atom ic bonding configuration but

exhibit perhaps the m ost extrem e diversity and richness

am ong nanom aterials in structures and structure-prop-

erty relations.1 A single-walled nanotube (SWNT) is form ed

by rolling a sheet of graphene in to a cylinder along an

(m ,n ) lattice vector in the graphene plane (Figure 1). The

(m ,n ) indices determ ine the diam eter and chirality, which

are key param eters of a nanotube. Depending on the

chirality (the chiral angle between hexagons and the tube

axis), SWNTs can be either m etals or sem iconductors, with

band gaps that are relatively large (∼0.5 eV for typical

diam eter of 1.5 nm ) or sm all (∼10 m eV), even if they have

nearly iden tical diam eters.1 For sam e-chirality sem icon-

ducting nanotubes, the band gap is inversely proportional

to the diam eter. Thus, there are in fin ite possibilities in

the type of carbon tube “m olecules”, and each nanotube

could exhibit distinct physical properties.

The past decade has witnessed in tensive theoretical

and experim en tal effort toward elucidating the extrem e

sensitivity of the electron ic properties of nanotubes to

their atom ic structures.2-6 It has been revealed that

m etallic and sem iconducting nanotubes exist in all m a-

terials syn thesized by arc-discharge, laser ablation , and

chem ical vapor deposition m ethods. Metallic SWNTs have

becom e m odel system s for investigating the rich quantum

phenom ena in quasi-1d solids, including single-electron

charging, Luttinger liquid, weak localization , ballistic

transport, and quan tum in terference.2-4,7,8 On the other

hand, sem iconducting nanotubes have been exploited as

novel building blocks for nanoelectron ics, including tran-

sistors and logic, m em ory, and sensory devices.2-6

Nanotube characterization and device explorations

have been greatly facilitated by progress in nanotube

syn thesis over the years. At the sam e tim e, m any aspects

of basic research and practical application requirem en ts

have been driving and m otivating syn thetic m ethods for

better and m ore hom ogeneous m aterials. This com ple-

m en tary cycle con tinues, and it is now at a tim e when

nanotube synthesis has evolved from enabling growth into

consciously con trolling the growth. While the extrem e

sensitivity of nanotube structure-property relations has

led to rich science and prom ises a wide range of applica-

tions, it poses a significant challenge to chem ical synthesis

in con trolling the nanotube diam eter and chirality. Un-

derstanding how to synthesize nanotubes with predictable
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FIGURE 1. (a) Schematic honeycomb structure of a graphene sheet.
Single-walled carbon nanotubes can be formed by folding the sheet
along lattice vectors. The two basis vectors a1 and a2 are shown.
Folding of the (8,8), (8,0), and (10,-2) vectors lead to armchair (b),
zigzag (c), and chiral (d) tubes, respectively.
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properties essen tially requires exquisite con trol of atom ic

arrangem ent along the tubes, which is an ultim ate task

for chem ists in the nanotube field.

Arc-discharge, laser ablation, and chem ical vapor depo-

sition have been the three m ain m ethods used for carbon

nanotube syn thesis.6 The first two em ploy solid-state

carbon precursors to provide carbon sources needed for

nanotube growth and involve carbon vaporization at high

tem peratures (thousands of degrees Celsius). These m eth-

ods are well established in producing high-quality and

nearly perfect nanotube structures, despite large am ounts

of byproducts associated with them . Chem ical vapor

deposition (CVD) utilizes hydrocarbon gases as sources

for carbon atom s and m etal catalyst particles as “seeds”

for nanotube growth that takes place at relatively lower

tem peratures (500-1000 °C).6 For SWNTs, none of the

three syn thesis m ethods has yielded bulk m aterials with

hom ogeneous diam eters and chirality thus far. Nonethe-

less, arc-discharge and laser ablation techn iques have

produced SWNTs with im pressively narrow diam eter

distributions averaging ∼1.4 nm . CVD m ethods have com e

a long way from producing carbon fibers, filam en ts, and

m ultiwalled carbon nanotubes to the syn thesis of

SWNTs6,9-14 with high crystallin ity and perfection com -

parable to those of arc15 and laser16 m aterials, as revealed

by electrical transport and m icroscopy and spectroscopy

m easurem en ts.

This Accoun t presen ts our up-to-date research on

con trolling the growth of carbon nanotubes by CVD

approaches. While arc-discharge and laser ablation m eth-

ods produce only tangled nanotubes m ixed random ly with

byproducts, we illustrate that site-selective CVD synthesis

on catalytic patterned substrates grows nanotube arrays

at con trollable locations and with desired orien tations on

surfaces. We further show successful chem ical vapor

deposition of SWNTs on preform ed discrete catalytic

nanoparticles. The results suggest that understanding the

chem istry involved in the growth and con trolling the

catalytic nanoparticles could even tually allow for the

con trol of the diam eter and chirality of nanotubes. We

also review elucidations of the in terp lay of electrical,

m echan ical, and chem ical properties of nanotubes as

facilitated by our progress in controlled m aterials syn the-

sis. Im plications of nanotube functionalization , m olecular

sensors, and in terfacing with biological m olecules are

discussed.

Patterned Growth of Nanotubes

Carbon nanotube syn thesis by CVD involves heating a

catalyst m aterial in a furnace and flowing a hydrocarbon

gas through the tube reactor for a period of tim e. The

catalytic species are transition -m etal nanoparticles typi-

cally supported on high surface area m aterials (alum ina)

m aterials.6 Sim plistically, the catalyst particles serve as

seeds to nucleate the growth of nanotubes. We have

developed patterned growth approaches to obtain orga-

n ized nanotube structures. The idea is to position catalyst

in arrayed fashions for the growth of nanotubes from

specific catalytic sites on surfaces.9 We have carried out

such patterned growth for both m ultiwalled and single-

walled nanotubes, exploited ways including self-assem bly

and active electric field control to m anipulate the orien ta-

tion of nanotubes, and pursued several generations of

catalysts ranging from powdery supported catalyst to

discrete catalytic nanoparticles. These works have led to

ordered nanotube arrays or networks form ed at the

syn thesis stage of nanotubes.

(a) Ordered Arrays of Multiwalled NanotubessSelf-

Assembly by Intratube van der Waals Interactions. Our

earlier work has dem onstrated the syn thesis of regular

arrays of ordered towers consisting of m ultiwalled nano-

tubes (MWNTs) by CVD growth (700 °C; carbon source,

C2H4; alum ina-supported iron catalyst) on porous silicon

or silicon substrates patterned with iron particles in square

regions (Figure 2a).17 The nanotubes with in each tower

are well aligned along the direction perpendicular to the

substrate surface. The alignm en t is a result of nanotubes

grown from closely spaced catalyst particles in each square

self-assem bling in to rigid bundle structures due to strong

in tratube van der Waals binding in teractions. The rigidity

of the assem bly allows the nanotubes to self-orien t and

grow perpendicular to the substrate. The arrayed nano-

tubes exhibit excellen t characteristics in electron field

em ission , open ing up the possibility of spatially defined

m assive field em itter arrays derived by sim ple chem ical

routes for flat panel disp lay applications.17

(b) Ordered Networks of Suspended Single-Walled

NanotubessSelf-Assembly by van der Waals Interactions

with Substrates. We have syn thesized suspended SWNT

networks with well-defined orien tations on substrates

con tain ing lithographically patterned silicon posts.18,19

Contact prin ting is used to transfer catalyst m aterials on to

the tops of pillars selectively, and CVD (900 °C; carbon

source, CH4; supported iron catalyst derived by a tem plate

m ethod from liquid precursors) on the substrates leads

to suspended SWNTs form ing nearly ordered networks

with the nanotube orien tations directed by the pattern of

the silicon posts (Figure 2b-d). The m echan ism for

nanotube self-orienting in this case is due to van der Waals

in teractions between nanotubes and the silicon posts. The

nanotubes grown from the posts float and wave in the

gas un til they are fixed by nearby posts. The suspended

nanotube networks are difficult to obtain otherwise by,

e.g., postgrowth assem bly with arc- or laser-grown m ateri-

als and are useful for building novel nanoelectrom echani-

cal devices (NEMs).

(c) Electric-Field-Directed Nanotube Growth. We re-

cen tly have exploited electric fields to actively con trol the

growth directions of SWNTs.20 Highly aligned suspended

SWNTs are grown under electric fields on the order of ∼1

V/ µm (Figure 2e). The alignm en t effect originates from

the high polarizability of SWNTs. The induced dipole

m om ent for a ∼10 µm SWNT in a 1 V/ µm electric field is

about 106 D, leading to a large align ing torque that directs

the nanotube parallel to the electric field. Im portan tly, the

electric field alignm en t effect is stable against therm al

fluctuations at the growth tem perature and against gas
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flow random ization effects. Manipulation by applied fields

during nanotube syn thesis is h ighly prom ising for further

exploration of both suspended m olecular wires and

com plex nanotube fabric structures on flat substrates.

(d) From Powdery Catalyst to Isolated Catalytic

NanoparticlessToward Nanotube Structural Control

and Microscopic Understanding of Growth. Supported

catalyst typically used for SWNTs growth consists of

powdery support with attached m etal nanoparticles that

are difficult to characterize by m icroscopy. As a result, the

size of the catalytic nanoparticles is hard to con trol.

Recen tly, we have pursued isolated iron nanoparticles for

the synthesis of SWNTs by CVD.21,22 Controllable num bers

of Fe3+ are placed in to the cores of apoferritin to afford

stable solutions of artificial ferritin that can be subse-

quen tly deposited on to flat substrates. Calcination in air

leads to discrete Fe2O3 nanoparticles with average diam -

eter ∼1.5 nm , as characterized by atom ic force m icroscopy

(AFM) and transm ission electron m icroscopy (TEM). AFM

and TEM have revealed successful growth of SWNTs from

the isolated nanoparticles (Figure 3). Further, syn thesis

of SWNTs directly on TEM grids has allowed us to clearly

reveal the nanoparticle-nanotube relationship (Figure

3a-f).

Our data provide evidence that, first, the diam eters of

SWNTs are closely determ ined by the diam eters of cata-

lytic particles and second, TEM im aging of both ends of

isolated SWNTs (Figure 3a,d,e) poin ts to the so-called

base-growth m odel of SWNTs in our CVD process. That

is, the catalytic nanoparticle rem ains on the supporting

substrate, and a nanotube grows out from the particle with

a dom e-closed end (Figure 3g). The CVD reaction process

then involves carbon atom s, decom posed from m ethane,

absorbing in to the anchored nanoparticle on the substrate

to form a carbon-iron solid-state solution . As supersatu-

ration occurs, carbon atom s precip itate out from the

particle, leading to the growth of a nanotube (Figure 3g).

This growth m odel is in con trast with the tip-growth

m odel, in which catalyst particles lift off from the substrate

during growth.

Synthesis with con trollable catalyst, although still in its

early stage,21-23 has led to im portant clues to the nanotube

growth chem istry, m echan ism , and structural con trol.

Future work will include determ ining the nature of SWNTs

(m etal vs sem iconductor) grown from individual particles,

experim en tally and theoretically investigating how a seed

particle determ ines the nanotube chirality, and obtain ing

highly m onodispersed nanoparticles at the 1 or 2 nm level.

We have also carried out patterned growth with ferritin

particles placed in m icrom eter-scale squares on surfaces

(Figure 3h). New lithographic approaches capable of 10

nm features are required to enable catalytic pattern ing of

individual nanoparticles. Meeting these challenges will be

extrem ely rewarding, leading to (1) rational routes to

nanotube diam eter and chirality control and (2) dense and

ordered networks of nanotubes with predictable m etallic

or sem iconducting electron ic properties.

(e) Scalability of Patterned Growth. Assem bly of

nanotube arrays m ust be scaled-up on large substrates

for various practical applications. To this end, we have

FIGURE 2. Ordered carbon nanotube structures obtained by direct chemical vapor deposition synthesis. (a) An SEM image of self-oriented
M WNT arrays. Each tower-like structure is formed by many closely packed multiwalled nanotubes. Nanotubes in each tower are oriented
perpendicular to the substrate. (b) SEM top view of a hexagonal network of SWNTs (line-like structures) suspended on top of silicon posts
(bright dots). (c) SEM top view of a square network of suspended SWNTs. (d) Side view of a suspended SWNT power line on silicon posts
(bright). (e) SWNTs suspended by silicon structures (bright regions). The nanotubes are aligned along the electric field direction.

Carbon Nanotubes: Synthesis, Integration, and Properties Dai

VOL. 35, NO. 12, 2002 / ACCOUNTS OF CHEM ICAL RESEARCH 1037



explored patterned growth of SWNTs on full 4-in . SiO2/ Si

wafers.24 We have patterned m icrom eter-sized catalyst

islands with high un iform ity over en tire wafers by a

photolithography approach (Figure 4a). We have also

investigated how the gas flow rates (CH4 and H2 co-flow)

affect the growth of SWNTs. This aspect has not been

system atically studied in our earlier syn thesis work. We

have iden tified that, for relatively low CH4 flow rates, the

CVD process is ultrasensitive to the am ount of H2 co-flow,

undergoing pyrolysis, growth, and inactive reaction re-

gim es with increased H2 addition . This understanding has

enabled us to grow high-quality SWNTs (Figure 4b) from

m assive arrays of well-defined surface sites on full 4-in .

wafers.24

Electrical Properties and Interplay with
Mechanical and Chemical Properties

Patterned growth of carbon nanotubes on substrates has

allowed for convenien t, sim ple, and controlled in tegration

of nanotubes in to various device structures for elucidating

the properties of individual m olecular wires. With these

devices, we have carried out electron transport m easure-

m en ts of sem iconducting, quasi-m etallic, and m etallic

SWNTs grown by CVD. Suspended nanotubes have also

been integrated into addressable structures for m echanical

and electrom echan ical characterization .

(a) Electrical Properties of Nanotubes. We have re-

vealed by transport m easurem en ts (Figure 5a) that the

m ajority of individual SWNTs syn thesized by CVD on

supported catalyst are sem iconducting in nature. This type

of nanotube exhibits field effect transistor (FET) behavior

at room tem perature and has been in tensively explored

in recen t years for nanoelectron ics devices, including

transistors and logic devices.3,25-29 The as-grown sem i-

conducting SWNTs are hole-doped p-type FETs with hole

depletion and dim inished conductance (from typically 100

kΩ to 1 MΩ) by positive gate voltages (Figure 5b). It is

now established that m olecular oxygen adsorbed on the

nanotubes is responsible for hole doping of SWNTs.30-33

Rem oval of O2 can lead to nearly in trinsic sem iconducting

behavior (Figure 5b inset).33 More and m ore investigations

are revealing that, although carbon nanotubes are highly

robust and inert structures, their electrical properties are

extrem ely sensitive to charge transfer and chem ical doping

effects by various m olecules.

The second type of observed SWNTs syn thesized by

CVD appears to be quasi-m etallic with sm all band gaps

on the order of 10 m eV.34 These nanotubes are not as

sensitive as sem iconducting SWNTs to electrostatic doping

by gate voltages but exhibit a conductance dip associated

with the sm all band gap. These nanotubes correspond to

a class of non-arm chair SWNTs, and the origin of the band

FIGURE 3. (a-f) TEM images of SWNTs grown from discrete nanoparticles, showing particle-nanotube relationships. Scale bars: 10 nm.
(a-d) SWNTs grown from discrete nanoparticles (dark dots at the bottom of the images). The arrows point to the ends of the nanotubes. The
ends extending out of the membrane in (b) and (c) are not imaged due to thermal vibration. The background roughness reflects the TEM grid
morphology. (e) Image of an ultrashort (∼4 nm) nanotube capsule grown from a ∼2 nm nanoparticle. (f) Image of a nanoparticle surrounded
by a single graphitic shell. (g) A schematic model for nanotube growth. (h) AFM image of a 50 µm long SWNT grown from nanoparticles
patterned into the circled region.
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gap is slight sp 2 to sp 3 hybridization due to the nonflat

nature of the hexagons on the tube walls.35,36 Tem perature-

dependen t m easurem ents for som e of the quasi-m etallic-

like SWNTs (room -tem perature resistance ∼10-20 kΩ)

reveals increased electrical conductance at low tem per-

atures, reaching the 4e2/ h ) 2G0 quan tum conductance

(6.45 kΩ in resistance) lim it at ∼1.5 K (Figure 5c).

Quan tum in terference effects have also been observed.8

The results suggest that (1) phonon is one of the funda-

m en tal scattering m echan ism s in SWNTs at room tem -

perature, (2) excellen t ohm ic con tacts can be m ade to

nanotubes with transm ission probability T ≈ 1, and (3)

electron transport is h ighly phase coheren t and ballistic

in nanotubes at low tem peratures.8

Truly m etallic arm chair SWNTs are rare in our CVD-

grown nanotubes. The conductance of th is type of nano-

tube is the least sensitive to gate voltages. With highly

transparen t ohm ic con tacts to these nanotubes, we have

observed near 4e2/ h quan tum conductance in SWNTs as

long as 4 µm at low tem peratures (J. Kong and H. Dai,

unpublished results), suggesting a long m ean free path

for ballistic electron transport in high-quality/ perfection

CVD-grown SWNTs.

(b) Nanotube Electromechanical Properties and De-

vices. Patterned growth has been used to syn thesize

suspended SWNTs across trenches with the nanotubes

wired up electrically with relative ease.37 We have m a-

n ipulated a suspended nanotube by using an AFM tip

while m onitoring its electrical conductance (Figure 6a,b).

By so doing, we are able to address how m echan ical

deform ation affects the electrical properties of carbon

FIGURE 4. Wafer scale patterned nanotube synthesis. (a) An optical
image showing patterned catalyst islands (bright dots). (b) AFM
image of SWNTs grown and emanating from one of the catalyst
islands on the wafer.

FIGURE 5. Electrical properties of individual nanotubes. (a) AFM
image of a SWNT contacted by two Ti electrodes and a schematic
cross-section view of the device. Scale bar: 1 µm. A gate voltage
(Vg) can be applied to electrostatically couple to the nanotube and
shift the Fermi level. (b) I-Vg curve for a typical as-made semicon-
ducting SWNT showing p-type FET characteristics. Inset: The p-type
FET evolves into a nearly intrinsic semiconductor after removal of
surface-adsorbed oxygen. (c) Conductance G (in units of quantum
conductance, G0 ) 2e2/h) vs Vg (Fermi energy) for a quasi-metallic
SWNT at various temperatures. The conductance approaches the
theoretical limit 2G0 at low temperatures, with conductance fluctua-
tions due to quantum resonance effects.
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nanotubes, a question im portan t to poten tial nanoelec-

trom echan ical (NEM) devices.

We have m easured conductance vs strain and bending

angle of individual SWNTs and found a 2 orders of

m agn itude conductance decrease at a 14° bending angle

and 3% strain (Figure 6c). The electrical and m echan ical

changes are fully reversible, suggesting poten tial nanow-

ire-based electrom echan ical transducers.37 The electro-

m echanical behavior is rationalized by m olecular dynam -

ics sim ulation and conductance calculations. Large local

structural distortion of the nanotube caused by m echan-

ical actions of the AFM tip leads to carbon atom s in sp 3-

like bonding configurations, which is responsible for

electron localization and sign ifican t local barriers for

electron transport through the nanotube.37,38

We are extending our patterned growth approaches to

obtain ing new types of suspended nanotube NEMs struc-

tures for basic characterization and poten tial devices.

Suspended SWNTs have been in tegrated with silicon-

based m icrom echan ical structures, as shown in Figure 6,

with SEM im ages of suspended SWNTs grown on a

suspended silicon beam and bridging a terrace (Figure

6d,e). Along this line, a wide range of nanotube-based

NEMs structures are obtainable for exploring pure stretch-

ing, twisting of single nanowires, and their high-frequency

resonance characteristics. Functional NEMs switches and

m em ory devices can also be envisioned. Con trolled and

determ inistic synthesis of nanotubes will continue to open

exciting and new possibilities of novel nanostructures and

devices.

Interactions with Chemical SpeciessFrom
Small Molecules to Polymers

Single-walled carbon nanotubes are typically chem ically

inert. Covalen t attachm en t of m olecular species to fully

sp 2-bonded carbon atom s on the nanotube sidewalls

proves to be difficult. Adsorbing m olecules to nanotubes

via noncovalen t forces, however, turns out to be facile and

has im portan t consequences to their physical properties

and poten tial applications.

(a) Molecular Adsorption and Photodesorption. The

first sign of m olecular adsorption on SWNTs was noticed

during electrical transport m easurem ents as the resistance

FIGURE 6. Nanoelectromechanics of suspended nanotubes. (a) AFM image of a suspended SWNT over a trench (dark region, ∼500 nm
wide). (b) Experimental scheme for measuring the electromechanical property of the nanotube. The suspended nanotube is pushed by an
AFM tip, while the conductance of the nanotube between the source (S) and drain (D) electrodes is monitored. (c) Conductance G of the
nanotube vs bending angle. (d,e) SEM images showing a suspended nanotube bridging a micromechanical Si beam and a Si terrace.
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of sem iconducting SWNTs tended to change in a vacuum

versus that in air. We have system atically m easured the

electrical properties of SWNTs in various chem ical envi-

ronm ents and revealed various sm all gas m olecules ad-

sorbing onto SWNTs and undergoing charge transfer.30 As

a result, sem iconducting SWNTs exposed to ppm levels

of NO2 exhibit conductance increases by up to 3 orders

of m agn itude in a few seconds. When the SWNTs are

exposed to NH3, the conductance of the nanotube can

decrease by up to 2 orders of m agn itude.30 Collins and

co-workers have found sim ilar h igh sensitivity to O2

adsorption .31 These results have suggested nanotubes as

m in iature chem ical sensors with high sensitivity at room

tem perature.

NO2 and O2 on SWNTs are strongly physisorbed and

do not desorb at sign ifican t rates at room tem perature.

NH3 is weakly physisorbed on nanotubes and can be

rem oved by sim ple pum ping in a vacuum . Density

functional theory (DFT) calculations reveal that NO2 binds

to a nanotube with an energy on the order of ∼0.4 eV39 to

0.9 eV30,40 and withdraws ∼e/ 10 from the nanotube. O2

binds to a nanotube with ∼0.25 eV energy and ∼e/ 10

charge-withdraw from the tube.41 However, DFT calcula-

tion does not reveal any sign ifican t binding of NH3 on

nanotubes, and NH3 appears to be weakly adsorbed on

nanotubes by van der Waals in teractions. Despite very

sm all charge transfer, NH3 adsorption does cause ap-

preciable changes to the electrical property of SWNTs

observed experim entally, suggesting the extrem e sensitiv-

ity of SWNTs to chem ical gating effects.

We have recen tly discovered photoinduced m olecular

desorption from SWNTs.33 Desorption of m olecules from

SWNTs can certain ly by achieved by heating nanotubes

to high tem peratures (∼200 °C).31,32 Ultraviolet (UV, 250

nm ) light illum ination at low photon flux causes rap id

m olecular desorption from SWNTs at room tem perature.

Figure 7a shows photodesorption of O2 and thus lowered

hole-carriers in a nanotube, as signaled by the rapid

electrical conductance decrease upon UV illum ination .

Upon turn ing off the UV, conductance recovery occurs

due to O2 readsorption (Figure 7a). The photodesorption

phenom enon is found to be generic to various m olecules

(Figure 7b) preadsorbed on to nanotubes.33

Wavelength-dependen t m easurem en ts33 reveal that

photodesorption is due to electron ic excitation of nano-

tubes and is a non therm al process. Electron ic excitations

of π-p lasm ons in SWNTs by UV leads to electron / hole

pairs via Landau dam ping.42 We have suggested that the

electrons or holes generated m ay attach to adsorbed

m olecular species, which is responsible for the observed

m olecular desorption . The photodesorption cross section

is estim ated to be σ ≈ 1.4 × 10-17 cm 2 at 250 nm for O2.
33

Our results illustrate that surface chem istry and pho-

tochem istry issues are critical to the properties and

applications of m olecular-scale wires that have ultrahigh

surface area, with every atom on the surface. Surface

FIGURE 7. M olecular adsorption, photodesorption, and reversible
chemical sensors. (a) Normalized conductance of an individual
semiconducting SWNT during O2 desorption caused by UV illumina-
tion (shaded time periods) and O2 re-adsorption after turning off the
UV. (b) Conductance response of an ensemble of SWNTs to NO2

adsorption and photodesorption (during shaded time periods) cycles.
The wide arrows point to the times when NO2 is introduced into the
measurement chamber and adsorbs onto SWNTs.

FIGURE 8. Polymer functionalization for air-stable n-type nanotube
FET. (a) Current (I) vs gate characteristics of an as-made semicon-
ducting SWNT showing p-type FET behavior. (b) The nanotube
evolves into an n-type FET after adsorption of PEI, schematically
shown in (c).
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science can be elucidated at the single-wire level by using

electrical/ chem ical properties of nanotubes as probes.

(b) Polymer Doping. Controlling the type of charge

carriers (electron or hole) is critical to conventional n-type

or p-type FETs. By the sam e token , both p- and n-type

FETs based on SWNTs are highly desired for poten tial

nanoelectron ics. However, the classical alkali m etal n -

dopan ts for carbon system s readily oxidize and are

undesirable for practical nanotube n-FETs. We have

carried out functionalization of SWNTs by an am ine-rich

polym er, polyethyleneim ine (PEI), and obtained n-type

FETs that are stable in air.43 An as-m ade p-type sem icon-

ducting SWNT due to adsorbed O2 readily reverts to an

n-type FET after functionalization by PEI (Figure 8).

Analysis shows that the adsorbed PEI donates approxi-

m ately 1 electron to every 1000 carbon atom s on the

nanotube.43 Hence, instead of com plete ion ization of

alkali, partial donating or withdrawing functional groups

on organ ic m aterials can be used to dope and m anipulate

the charge carried in m olecular wires, which m ay prove

useful for nanoelectron ics applications.

(c) Chemical Profiling of a Single Nanotube. We have

shown that doping a nanotube with a controlled chem ical

dopan t profile along its length leads to in teresting quan-

tum phenom ena.44-46 Com pared to the m olecular-scale

diam eters (1-2 nm ), the lengths of SWNTs are m esoscopic

or m acroscopic (1-100 µm ) and have am ple room to form

nanom eter junctions. We have m asked half of a SWNT

by polym er and doped the other half by potassium to form

an in tratube p-n junction (Figure 9a) that exhibits nega-

tive differen tial conductance (NDC) at low tem peratures

(Figure 9b).44 NDC arises due to quantum tunneling across

degenerately doped semiconducting p-n junctions, known

in conven tional Esaki diodes. Nondegenerate in tratube

p-n junctions have been form ed on SWNTs by organ ic

am ine doping, leading to excellen t in tratube electrical

rectifiers.45

We have extended the schem e to chem ically profile a

nanotube con tain ing two p-n-p junctions (Figure 9c).46

Electron transport m easurem ents reveal that the nanotube

section between the two chem ically form ed junctions

defines a sm all (∼200 nm long) quan tum dot on a

m icrom eters-long nanotube. The sm all dot on the long

tube exhibits clear single-electron charging phenom enon

(Figure 9b),47 as a result of sm all structural dim ensions

and hence low capacitance and high charging energy

FIGURE 9. Chemical profiling of individual nanotubes. (a) Schematic structure and band diagram for a p-n junction formed on a nanotube.
(b) Current-voltage (I-V) characteristics of the sample showing negative differential conductance at low temperatures. (c) Schematic structure
and band (Ec, Ev, and Ef are conduction band, valence band, and Fermi level, respectively) diagram for two p-n junctions formed on a
nanotube. (d) Periodic conductance oscillations vs gate voltage corresponding to single-electron transport. (e) Coulomb diamonds related to
single-electron transport. The diamonds enclose regions with low conductance. The number of electrons in the quantum dot changes by 1
between adjacent diamonds.
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(>KBT) for the “dot”. Con trolled chem ical doping can

hence lead to in teresting quan tum phenom ena and

devices confined along the length of a nanotube.

Functionalization and Interfacing with
Biological Systems

Functionalization is an im portan t aspect of the chem istry

of nanotube “m acrom olecules”.48-52 As m entioned, how-

ever, covalen t sidewall functionalization of nanotubes

from sp 2 to sp 3 structure is both difficult and undesired

because of the loss of con jugation .49 Alternatively, it is

possible to functionalize SWNTs noncovalen tly50-52 to

preserve the sp 2 structures and their electron ic properties

that are useful for various postfunctionalization applica-

tions.

We have developed a sim ple and general approach to

noncovalen t functionalization and subsequen t im m obi-

lization of various biological m olecules on to nanotubes.52

The noncovalen t schem e involves π-stacking of 1-pyrene-

butanoic acid succin im idyl ester on to the sidewalls of

SWNTs (Figure 10a). The anchored pyrene m oieties on

SWNTs are highly stable against desorption in aqueous

solutions, leading to functionalization of SWNTs with

succin im idyl ester groups. The m echan ism of protein

im m obilization on nanotubes, then , involves the nucleo-

philic substitu tion of N-hydroxysuccin im ide by an am ine

group on the protein , resulting in the form ation of an

am ide bond. This technique has enabled the im m obiliza-

tion of a wide range of biom olecules on the sidewalls of

SWNTs with high efficiency, as dem onstrated with ferritin

(Figure 10b), streptavidin , and biotin -PEO-am ine.52

Nanotube functionalization and bioim m obilization are

m otivated by the recent activities in biological applications

of novel solid-state nanom aterials. The un ique physical

properties of m olecular-scale or nanoscale solids (dots or

wires), when utilized in con junction with the rem arkable

biom olecular recogn ition capabilities, could lead to m in-

iature biological electron ic devices, including probes and

sensors. The in terface between biological m olecules and

nanom aterials is critical to such applications. With nano-

tubes, such exploration is still in its early stage, with wide-

open room and m any possibilities.

Summary

This Account has presen ted our work from controlling the

syn thesis of carbon nanotubes to using them as m odel

system s for nanoscale science. The topics range from

m aterials chem istry, solid-state physics, and surface chem -

istry/ photochem istry to biological aspects of nanom ate-

rials. As the synthesis-characterization-application cycle

continues for nanotubes, gain ing further control over their

syn thesis will rem ain at the heart of our research. Further

exciting developm ents in nanoscale science and technol-

ogy are expected.
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