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We demonstrate that van der Waals interactions can be used to self-assemble a small, controlled

number of magnetic nanoparticles onto metallic and semiconducting carbon nanotubes. We study the

effect of the sequential grafting on the room temperature transport properties of carbon-nanotube

electronic devices containing metallic or semiconducting carbon nanotubes. The results show that the

grafting of the nano-objects has different effects on metallic and semiconducting CNTs, with an

appreciable effect for single nanoparticle grafting only on field effect transistors. The results indicate

that these grafting techniques are suited for the production of multi-quantum dot systems usable at low

temperatures. Magnetization measurements of single nano-objects using carbon nanotube-based

magnetic sensors, like nano-SQUID devices, also become feasible.
Obtaining electronic devices constituted of a few nano-objects

with different functionalities is an essential issue of modern

electronics1 and in the emerging field of molecular spintronics,2

where a controlled number of nanomagnets must be coupled to

an electronic nanodevice. Systems with a quantized energy

spectrum, called quantum dots (QDs), can be considered as

artificial atoms and display quantum transport properties.3

One way to perform molecular spintronic measurements is to use

break junctions, in which a single magnetic molecule or QD is

sandwiched between two metallic electrodes inside a nanometre-

sized gap.2 Another possibility is to use the tip of a scanning

tunneling microscope to let a current flow through the molecule or

QD. All such measurements descend from single molecule trans-

port experiments, and can rely on previous experience and back-

ground. Anyway in these detection schemes the electron flow

interacts strongly with the probed system, even altering its oxida-

tion state. Such changes could be exploited, in molecular magnets,

to observe interesting physical effects, e.g. negative differential

conductance,4 but undoubtedly alter the magnetic state of the

probed system. In contrast, it is important, e.g. to perform quantum

computation experiments, to be able to probe the magnetization of

a magnetic QD without interacting too strongly with it.

Under this perspective it must be noticed that in spintronic

experiments, unlike purely electrical transport spectroscopy, we

do not necessarily need to flow the electrons through the
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molecule. If the magnetization of the nanomagnet can affect the

electron flow through a nearby object, then we can probe

the magnetization of the single object without strongly altering

the magnetic state. This detection scheme uses what we called

a spintronic double-dot,2 and a proposed implementation

exploits the particular properties of carbon nanotubes (CNTs).2

CNTs constitute one-dimensional conducting nanowires and

are appealing constituents for such double-dot hybrids as they

behave, in small junctions, as QDs.5 They display semi-

conducting or metallic behaviour, depending on their structural

characteristics. It is thus possible to build a variety of circuits

from single CNTs, and obtain CNT-based field effect transistors

(CNT-FETs)6 or CNT-based superconducting quantum inter-

ference devices (CNT-SQUIDs),7 depending on the contacts used

and the CNT connected. The absence of an outer oxide layer,

normally present on nanowires and on most inorganic nano-

structures, makes such devices particularly sensitive. CNT

devices thus constitute extremely sensitive probes for chemical

and biological applications8,9 and CNT-based SQUIDs are, in

principle, sensitive enough to probe the magnetization of a single

nanoparticle (NP), molecule or atom.7 With one magnetic QD in

the multi-dot device, such CNT-based circuits could be used for

molecular spintronics experiments,2 provided that the QDs

interact only weakly, thus retaining their identity.2,7

Coupling a single, integrated CNT with a controlled number of

nanomagnets, thus forming a multi-dot device, is a fundamental

step towards information processing and advanced nano-

electronics.10 The controlled assembly of multi-dots is still

a challenging task, and the inclusion of a magnetic QD is almost

unconsidered. Chemical methods have produced double- and

multi-dots useful for optical investigation11 and multi-QDs suit-

able for transport measurements have been created with litho-

graphic techniques.12 Anyway scaling these fabrication processes

up to more than a few QDs has proved to be a formidable task,

and the processes are usually not suited to magnetic materials.

Thus new ways have to be explored for molecular spintronics.
J. Mater. Chem., 2010, 20, 2099–2107 | 2099



Here we show how this problem can be efficiently solved by

using CNTs and developing specifically-designed nanomaterials

allowing a controlled self-assembly of multi-dot hybrid devices.

We characterize the electronic properties of such hybrids at room

temperature on varying the number of grafted QDs, and

considering metallic and semiconducting CNTs. We show that

while the grafting of a single QD produces appreciable effects on

devices made of semiconducting CNTs, metallic CNTs are much

less affected, allowing for the use of the multi-QDs at low

temperatures in ultrasensitive devices.

Experimental

Synthesis of the NPs

The magnetic NPs are synthesized as follows: Fe(acac)3

(2 mmol), Co(acac)3 (1 mmol), 1,2-hexadecanediol (10 mmol),

oleic acid (1) (6 mmol), oleylamine (6 mmol), and phenyl ether

(20 mL) are mixed and heated to 200 �C for 30 min under a flow

of N2. Under a blanket of N2 the mixture is heated to reflux

(265 �C) for another 30 min and then cooled down to room

temperature. Under ambient conditions, ethanol (40 mL) is

added to the mixture, and a black material is precipitated and

separated via centrifugation. The sample is then washed with

toluene. Part of the product is then dissolved in a dichloro-

methane–toluene 2 : 1 deoxygenated mixture and an excess of 4-

(1-pyrenyl)butanoic acid (2) is added. The mixture is heated at

80 �C under N2 atmosphere for 8 h to exchange a portion of the

surface molecules of 1 with 2. The solvent is then evaporated
Scheme 1 Assembly of the hybrids. CoFe2O4 magnetic nanoparticles are syn

4-(1-pyrenyl)butanoic acid, 2 (c). (d) Si wafers (green) covered by a SiO2 laye

deposited, located with AFM (f), and individually connected with Pd leads (azu

hybrids (h). Successive depositions allow control over the number of NPs in
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under reduced pressure and the precipitate is washed with

ethanol and propanol, so as to remove any excess of 1 and 2.
Fabrication of the CNT-based electronic devices

The CNT-based electronic circuits are fabricated on degenerately

n-doped Si wafers covered with a 300 nm thick SiO2 layer (Sil-

tronix sas), as represented in Scheme 1. Gold electrodes are

fabricated on the surface by deep-UV lithography. This first

pattern also provides a reference system to locate the CNTs on

the surface. The surface is then coated with a monolayer of 3-

aminopropyltriethoxysilane (APTES) by exposure to APTES

vapour under reduced pressure (1 mbar) and in a controlled

atmosphere. HiPCo single-walled CNTs are added to a solution

of sodium dodecylsulfate (SDS) in water and sonicated for

15 min, obtaining a homogeneous dispersion. This CNT

dispersion is then centrifuged at 3000 rpm for 30 min and addi-

tionally allowed to settle for about 15 days. The CNTs are then

attached to the APTES-functionalized surface by immersing the

wafer and then retracting it at a speed of 10 mm min�1. Inspection

of the surface indicates that the procedure affords good combing,

with most of the CNTs aligned along the direction of retraction.

From the atomic force microscopy (AFM) heights isolated CNTs

are frequently found on the surface, as well as some bundles.

Individual CNTs are then located, using AFM, and their posi-

tion is noted with respect to the gold reference frame. This allows

them to be connect, using e-beam lithography, with Pd electrodes

separated by 300 nm wide gaps.
thesized (a). Their surface is functionalized either with oleic acid, 1 (b), or

r (gray) are used to fabricate gold electrodes (orange) (e). CNTs are then

re) spaced by 300 nm (g). Selective grafting of the NPs on CNTs yields the

the hybrids (i).
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Grafting of the NPs on CNTs

NPs are first dispersed in 1,2-dichloroethane (dce) and the nano-

hybrids are then produced by submerging the circuits for about

300 s into the dispersion of the NPs and finally washing in

flowing dce for 30 s. The procedure is repeated several times,

imaging the single CNTs by AFM after the treatments. The same

method is performed on different samples, using the same

experimental conditions, for NPs covered with both 1 and 2.

Characterization

The magnetic properties of the NPs were measured using

a Cryogenics S600 SQUID magnetometer. All measurements

were corrected for the diamagnetic contribution of the sample

holder and the matrix, as independently determined. The topo-

graphic analysis was performed with a Veeco D3100 AFM with

closed-loop feedback in tapping mode. The transmission electron

microscopy (TEM) characterization was performed with a JEM

2010 electron microscope operating at 200 kV. The X-ray char-

acterization was performed with a Bruker D8 Advance diffrac-

tometer with Cu-Ka radiation.

Results and discussion

Characterization of the CoFe2O4 nanoparticles

We decided to decorate the CNTs with NPs of CoFe2O4, which is

a semiconductor with a 0.8 eV bandgap13 and cannot undergo

further oxidation, which could alter the magnetic and electronic

properties. Moreover CoFe2O4 NPs usually possess large

hysteresis cycles, thus releasing large amounts of energy during

the magnetization reversal process.14 TEM inspection, reported

in Fig. 1, reveals a precipitate composed of high-quality spherical

NPs and evaluation of the dimensions of the NP metallic cores

establishes a rather narrow size dispersion, well reproduced

(R2 ¼ 0.902) by a log-normal distribution with mean diameter

hDi ¼ 6.1 � 1.7 nm (see further on in comparison with AFM

data). X-Ray measurements show the presence of several well-

defined Bragg peaks, indicating that the precipitate is composed

of high-quality monocrystalline CoFe2O4 NPs with spinel

structure.
Fig. 1 Structural characterization of the NPs. (a) Transmission electron

microscopy images taken at different magnifications, revealing NPs with

a narrow size distribution and spherical shape. (b) Electron diffraction

pattern of the NPs, showing the high crystallinity and the spinel structure

of the NPs.

This journal is ª The Royal Society of Chemistry 2010
Magnetically CoFe2O4 NPs possess a large axial anisotropy,

and strong intraparticle magnetic interactions, which make them

superparamagnetic.14 NPs with axial anisotropy can be consid-

ered as giant spins having two preferential ‘‘up’’ and ‘‘down’’

orientations along the easy axis.15 Between these two energy

minima corresponding to the two orientations there exists an

energy barrier, which can prevent the NP from reversing its

magnetization at sufficiently low temperatures. Due to this the

reversal time becomes slower than the experimental timescale

below the blocking temperature Tb. The energy barrier of

a nanoparticle depends on its volume, on the magnetocrystalline

anisotropy of the material and on other not-easily quantifiable

parameters, like surface effects. Due to this reason it is thus

customary to define, for a sample with an unavoidable size

dispersion of the NPs, an effective anisotropy barrier Keff. The

magnetic properties and the superparamagnetic behaviour of our

NPs are investigated using SQUID magnetometry. A zero-field

cooled–field-cooled (ZFC-FC) measurement is performed

(Fig. 2a) by cooling the sample in zero magnetic field H ¼ 0,

recording the magnetization on raising the temperature T in

H ¼ 50 Oe (ZFC curve), and then repeating the procedure after

cooling the sample in H ¼ 50 Oe (FC curve). The opening

between the two curves at low temperatures clearly indicated the

presence of superparamagnetic behaviour, and slow relaxation of

the magnetization. The two curves become different starting at

Tb ¼ 148 K, which should be considered the temperature at
Fig. 2 Magnetic characterization of the NPs. (a) Zero-field cooled–field

cooled experiment, performed in 50 Oe, showing the blocking tempera-

ture Tb and the superparamagnetic behaviour of the NPs. (b) Magnetic

hysteresis curve obtained at 2.5 K, showing the presence of a large

coercive field Hc.

J. Mater. Chem., 2010, 20, 2099–2107 | 2101



Fig. 3 AFM topography of the hybrids and demonstration of the

sequential grafting. Images of the same area before (a) and after (b)

treatment with NPs coated with 2. (c) Series of images acquired on the

same CNT after repeated treatment with NPs coated with 1. The height

colorbar on the left is the same for all images.
which the biggest NPs start showing slow relaxation of the

magnetization. Anyway the average blocking temperature is

usually extracted from the ZFC curve maximum, which occurs at

Tmax ¼ 105 K.15 This value yields, considering the average

diameter hDi using the relation hKeffi ¼ 150kBTmax/phDi,15 an

average barrier hKeffi ¼ 300 kJ m�3. The FC curve displays an

increasing trend on lowering the temperature, which brings the

magnetization value well above the maximum value of the ZFC

curve. This may be due to the presence of a considerable fraction

of small size NPs, as also evidenced by the TEM and AFM

analysis, which leads to the complete blocking of the magneti-

zation only below Tmax. The low temperature curve shows

a saturation value of 0.023 emu below 25 K, indicating that all

NPs are blocked below this temperature. Below Tb a hysteresis

cycle opens. We recorded the hysteretic behaviour of the NPs at

very low temperatures (T ¼ 2.5 K), where all NPs are blocked,

obtaining a large coercive field Hc ¼ 13.1 � 0.1 kOe at T ¼ 2.5 K

(Fig. 2b).

The structural and magnetic characterizations of the NPs thus

show the characteristic features of a superparamagnetic nano-

structured material, with a very large coercive field and a rela-

tively high blocking temperature. They also allow the

characterization of the structural properties of the hybrid

devices, as detailed in the following section.
Structural characterization of the hybrid devices

Decoration of CNTs with QDs is an active field of research and

a number of functionalization methods exist,16,17 mainly

exploiting covalent bonds and terminal defects in the CNT. By

the way covalent bonds likely produce strong coupling and, by

introducing electron scattering centres, may also severely limit

the performance of the devices. Terminal defects cannot

evidently be used in producing electronic devices such as

SQUIDs and FETs. Up to now, the non-covalent decoration of

CNTs with magnetic NPs has only been performed in solution.17

These procedures graft a large number of NPs on the CNT, while

no methods exist to sequentially add a small but very controlled

number of nano-objects into the device, as needed for multi-dot

hybrids.2 Whether the ligands and methodologies used in solu-

tion remain applicable to surface-deposited CNTs and are

compatible with the fabrication of electronic devices is also an

open issue. Eventually, while several CNT-NP hybrid materials

have been reported,16,17 their electronic characterizations remain

largely unexplored.

Self-assembly of the hybrids after CNT connection provides

two important advantages. Firstly NPs present on the CNTs

before contacts are made may increase the Schottky barrier

between the CNT and the leads, lowering the quality of the

devices. Secondly we can progressively add NPs to the CNTs and

thus characterize the hybrids after each grafting, evidencing the

evolution of the properties and the applicability as a NP sensor.

We thus chose to proceed with multiple treatments, grafting

a few NPs each time, instead of attaching many NPs by reacting

for long times.

NPs are first dispersed in dce and nano-hybrids are then

produced by submerging the circuits for about 300 s into the

dispersion of the NPs and finally washing in flowing dce for 150 s

(Scheme 1h). The procedure is repeated several times, imaging
2102 | J. Mater. Chem., 2010, 20, 2099–2107
the single CNTs by AFM after the treatments (Scheme 1i). The

same method is performed on different samples, using the same

experimental conditions, for NPs covered with both 1 and 2. For

NPs covered with 2 the first immersion is sufficient to stick the

NPs all over the surface, as reported in Fig. 3a,b. The grafting

procedure is neither controlled nor selective, probably due to the

fact that the surface is also covered with organic residues that

cannot be efficiently cleaned without damaging the CNTs. No

selectivity for the CNT is observed and reducing the NP

concentration in the solution does not improve the result. In

contrast, using NPs coated with 1 yields controlled and selective

grafting, with only a few NPs on the CNTs, and almost none on

the surface, as reported in Fig. 3c. The reason of this may lie in

the different interactions afforded by the hydrophobic tail of 1,

which is a much weaker binder with respect to 2. The fact that 1

cannot form p-stacking interactions with the CNT wall has

already been exploited for medical applications,18 and may here

be responsible for the better selectivity. While 2 is more efficient

when grafting NPs in solution, 1 seems thus more indicated to

build multi-dot materials compatibly with the fabrication of the

electronic devices. Once the NPs are attached, we were not able

to remove them in dce liquid, indicating that strong van der

Waals forces contribute to anchoring the NPs onto the CNTs.

Previous functionalization of CNT-based sensors involves first

a treatment of the CNTs with pyrene-based molecules and then

binding of proteins.8,19 Such studies lead to the immediate

grafting of a relatively large number of objects,8,19 compared to

our method. Moreover reduced reactivity is expected for small-

diameter CNTs,18,19 which are better for electronic devices. Note

that our approach allows an unprecedented sequential grafting

of a controlled number of dots to the CNT, as shown by the

height profile of the same CNTs on repeating the treatment with

1-coated NPs (Fig. 4a). The statistics of the height of the grafted

objects strongly resemble the NP diameter acquired with TEM

(Fig. 4b). The AFM size dispersion can be fitted (R2 ¼ 0.948)
This journal is ª The Royal Society of Chemistry 2010



Fig. 4 Analysis of AFM topography. (a) Height profile of the same

CNT, showing the sequential grafting of NPs coated with 1. (b) Histo-

gram of the attached NPs size, acquired as the difference between the

CNT height and heights of the bumps appearing on the CNTs after

treatment. The size dispersion is compared to TEM measurements. (c)

Schematic representation of the origin of the difference between the NP

size dispersions observed via TEM and AFM measurements. The NP is

rendered from the observed spinel crystal structure, the oleic acid mole-

cules are red and the CNT is black.

Fig. 5 Quantification of the number of NPs in the hybrids and sequen-

tiality of the grafting. a) Probability of finding a distance L between two

NPs for sequential repetitions of the process (color scale). Lines are fits to

the data using the statistical distribution (see text) and different linear

concentrations C of NPs per mm of CNT. The agreement with the

expected distribution is highlighted in the inset. (b) Trend of C as

extracted from the fits in (a), vs. the number of repetitions of the process.

The line is a linear regression.
with a log-normal distribution peaked at 6.8 � 2.0 nm. The fact

that AFM also probes the shell of molecules surrounding the NP

core (Fig. 4c) explains the small discrepancy in mean diameter.

Considering the mechanical action of the AFM and the lack of

a full monolayer on the NP surface, it is not surprising to find

that this discrepancy is slightly smaller than the thickness of

a fully-formed monolayer of 1.
This journal is ª The Royal Society of Chemistry 2010
The fact that only a few NPs are grafted after each treatment

allows control of the number of dots in the hybrids. If NPs stick

randomly onto the CNT length the statistical probability P of

finding a distance L between two NPs is P(C,L)¼Ce�LC, where C

is the linear concentration of NPs on the CNT.20 The distribution

of L (Fig. 5a) is obtained by AFM observation of the same

18 CNTs (about 40 mm of total length) after each treatment. The

distributions reveal good agreement with the predicted law, and

the extracted C values are reported in Fig. 5b vs. the number of

treatments, with fitting confidences as error bars. It must be

noted that, by extracting C from the measurable inter-NP

distances, we account for NPs that lie too close one to another to

be distinguishable by the lateral resolution of the AFM. The

grafting process is linear (R ¼ 0.997) in the investigated range,

indicating the grafting, on average, of 1.5 NP per mm for each

treatment. This corresponds to the addition of about 1 NP every

2 repetitions on CNT electronic devices with 300 nm wide gaps

between the leads.

This structural characterization of the hybrids thus demon-

strates the selective and sequential grafting of nanomagnets into

CNT-based electronic devices. Such a high level of accuracy,

never attained before, is of fundamental importance for the

controlled assembly of spintronic double-QDs, which must

contain a controlled number of QDs in the device. As detailed in
J. Mater. Chem., 2010, 20, 2099–2107 | 2103



the next section this also allows the quantification of the effect of

the NP grafting on single CNT devices.
Fig. 6 Characterization of the obtained electronic devices. Bilogar-

ithmic plot of the resistance of the ON state as a function of the resistance

of the OFF state for a set of FET devices, as measured at room

temperature with a 100 mV source–drain voltage. The inset shows the pie-

chart of the resistances of the single-walled single-CNT FET devices.

Measurements were performed at Vg ¼ 0 V and with a source–drain

voltage of 100 mV.
Characterization of the hybrid devices

Whatever the approach used to graft the QDs on the CNT, these

will interact directly with the CNT wall, which is where the

electrons flow. This is a mixed blessing as it is at the basis of the

high sensitivity of CNT devices, but also means that the trans-

port properties can be easily destroyed by the grafting.2,21,22

The local variation of the potential felt by the electrons due to

the grafted molecule can induce electron backscattering. This has

been used, in CNT-FETs based on semiconducting CNTs, to

detect single molecules grafted onto the device.8,9 Anyway, the

same process can constitute a problem for devices that use

metallic CNTs, like CNT-SQUIDs. The very symmetry of the

metallic CNT band structure forbids backscattering, as long as

the carrier energies are below the second subband.23 Thus

metallic CNTs show ballistic conductance, i.e. negligible elastic

electron scattering, at room temperature over lengths as long as

1 mm, except in proximity of the Kohn anomaly. Inelastic

processes, like electron–phonon scattering, can become impor-

tant only for high bias voltages and high temperatures.23 By the

way, although long-range Coulomb elastic scattering is ineffec-

tive, a strong short-range potential can still lead to very efficient

backscattering in metallic CNTs. Defects or molecules grafted on

the CNT wall constitute typical sources of such local poten-

tials.23,24 The resulting backscattering processes can produce

destructive interference of the electron wavefunction, leading to

a dramatic decrease of the conductibility of the CNT even for

a few defective sites.24–26

Such processes can be extremely detrimental for the functioning

of CNT-SQUIDs. One of the main advantages of a SQUID is that

it is bistable, and the magnetization reversal of the grafted object

can switch one branch of the SQUID, allowing the detection of

the molecular signal. If, owing to the presence of the grafted QD,

the conductance in the branch is so low that the bistability is

practically lost, then the device will not function.

It is thus important to develop grafting methods that, while

ensuring the attachment of the nanomagnet to the CNT wall, do

not introduce such strong backscattering processes in the device.

By the way, while several studies deal with the effect of grafted

molecules in CNT-FETs,8,9 few data on metallic CNTs exist.24–26

Experimentally, while recent irradiation studies have afforded

some insight into these processes,24 little is known about what

functionalities can only weakly interact with the CNT electron

flow, thus allowing the use of CNT-SQUIDs or analogous

devices.

The electric characterization of the pristine CNT devices was

performed at room temperature. The overall statistics, per-

formed on many repetitions of the lithographic process and

about 400 connected CNTs, reveal only a small percentage of

actually resulted non-connected devices (<8%), or suffering from

very bad contacts, with resistances above 600 kU. Very good

contacts were in general obtained, with 65% of the devices

showing resistances below 100 kU, most of them around 20 kU,

which is close to the 15 kU resistance obtained with perfect Pd

contacts on metallic CNTs. Systems with resistances lower than

100 kU mainly displayed metallic behaviour, with negligible field
2104 | J. Mater. Chem., 2010, 20, 2099–2107
effect, while systems with resistance above 300 kU usually dis-

played field effect and hysteretic behaviour. A typical set of

results is reported in Fig. 6, where we report the bilogarithmic

plot of the resistances measured with a gate voltage Vg ¼ 30 V

(Ron) vs. the resistance measured at Vg ¼ �30 V (Roff). The

results reveal that a good number of the devices show a weak field

effect (typically 2–3 decades), while some show perfectly metallic

behaviour. Some devices showed mixed behaviour, indicating the

presence of two or more CNTs connected in parallel. This may

arise from the presence of small bundles, in some devices, as they

cannot always be distinguished from isolated CNTs by AFM.

Such devices, having ambiguous behaviour, were then excluded

from further characterization.

Thanks to the controlled assembly process obtained above the

electric transport properties of the hybrids were measured as

a function of grafted NPs (Fig. 7a). First of all we focus on the

room temperature transport properties of hybrids based on

semiconducting systems, due to their interest as ultra-sensitive

devices.8,9,19 Measurements of the current Id vs. the gate voltage

Vg show that the devices behave as p-type (ON state at Vg < 0)

CNT-FETs with ION/IOFF ratios of 2–3 decades. The curves were

acquired with different source–drain voltages, in the 1 mV–

100 mV range, for different devices, depending on the resistance

of the device under examination. The hysteretic response, char-

acteristic of CNT-FETs on untreated SiO2 surfaces, is due to

charges injected from the CNT into the nearby region by the high

electric field existing at the CNT surface for large Vg.27 The

subthreshold swing S ¼ [dVg/dLog(I)], about 8 V per decade,

does not change when increasing the number of NPs, indicating

that the grafting does not alter the coupling to the gate. More-

over control experiments reveal no appreciable change of the

response either after washing with dce alone or by treatment with

1 and then washing with flowing dce for 150 s (ESI†).

Grafted NPs act as scattering centres that hinder the electron

flow through the CNT, leading to a decrease of the ION/IOFF
This journal is ª The Royal Society of Chemistry 2010



Fig. 7 Effect of NP grafting on the transport characteristics of semi-

conducting CNTs. (a) Typical transfer characteristics of a CNT-FET

acquired for several repetitions of the treatment (color scale). (b) Trend of

ION vs. the number of NPs and linear fit to the data. The black line

highlights the discrete behaviour due to the sequential grafting of NPs. (c)

Width of the hysteresis (triangles) and threshold voltage VTh1 of the

ON–OFF transition (spheres) vs. the number of NPs.

Fig. 8 Effect of NP grafting on the transport characteristics of a typical

metallic CNT at room temperature. Data are acquired on the same device

for several repetitions of the treatment, as indicated in the color scale,

using a source–drain voltage of 1 mV.
ratio. In the investigated range the ION current varies on grafting

the NPs, with a quantized decrease of 0.15 nA per NP

(R ¼ 0.989), i.e. above our instrumental sensitivity of 10 pA

(Fig. 7b). This demonstrates that CNT-FETs can be used as

nanometric ultra-sensitive sensors with single-NP sensitivity.

Previous experiments on covalently-bound proteins analogously

showed single-protein sensitivity,8,9 yielding a ION decrease of 1

nA per protein. The ION decrease is here one order of magnitude

lower, consistent with the non-covalent binding.28 The NP–CNT

interaction, while appreciable, is thus much less important than

covalent binding and the CNT and the NPs shall be considered as

interacting but still separate QDs. To give an order of magnitude

the Landauer formulation in the incoherent transport regime

gives an electron reflection coefficient of about 12% per NP,

much lower than the 40% value reported for covalently func-

tionalized CNTs.9 This value is anyway comparable with what is

observed for non-covalent grafting of single-molecule magnets

using pyrene functionalities, i.e. 7% per molecule. The fact that

the grafting has a larger effect here is likely due to the presence of

many oleic acid molecules on the NP surface, several of which

can contribute to the grafting. The local perturbation of the

energy responsible for the scattering process may then be higher

and more diffuse, thus scattering the electrons more effectively.
This journal is ª The Royal Society of Chemistry 2010
The grafting also produces a gradual decrease in the ON–OFF

threshold voltage, VTh1, and an increase of the hysteresis width

(Fig. 7c). Charge-trapping by the NPs and charge transfer

between the NPs and the CNT can contribute to this shift. This is

not surprising, as bulk CoFe2O4 is affected by internal charge

transfers,29 and atoms on the NP surface do not possess a stable

environment, likely promoting electron transfer. The shift

corresponds to a decrease in the effective carrier density, of 3500

holes per mm, using a backgate capacitance of 36 aF mm�1 from

the geometry of the device.

The effect of NP grafting on the metallic CNTs is completely

different. In fact, despite the presence of high electron flows in

the CNT, only a very slight decrease of the current is observed in

the investigated range of grafted NPs. Anyway it must be noted

that 6 QDs is a sizeable number for a multi-QD device and that

the NPs are grafted into the 300 nm gap of the CNT device

(Fig. 8), thus meaning an average distance of 50 nm between

them. This means that the local potential produced by the NP

grafting around the Fermi energy is sufficiently small that it does

not produce relevant backscattering. In contrast to what happens

for irradiation-induced defects, which produce defects directly in

the CNT wall,24 here the low intensity of the reflected waves is

not capable of creating strong destructive interference, and the

conductibility remains largely unaltered. Despite the different

nature of the binding, this result agrees with predictions of

covalently-grafted defects, for which the mean free path remains

of the order of hundreds of nm for a number of grafted molecules

comparable to the one used. These findings thus confirm that

grafting can alter only slightly the conductivity of metallic CNT,

while affecting substantially semiconducting CNTs.

While the curves going from negative to positive and from

positive to negative gate voltages are completely superimposable

for the pristine metallic CNT, a small hysteresis appears on

grafting the NPs, indicating that the CoFe2O4 NPs can act as

charge-traps also for metallic CNTs. By the way the effect is less

discernible here, and thus not quantifiable, as in the case of

semiconducting CNTs.

This feeble effect of the grafting on the metallic CNT conduc-

tivity indicates that a single grafted QD can interact with a metallic

CNT in a double-dot scheme. The developed grafting
J. Mater. Chem., 2010, 20, 2099–2107 | 2105



methodology will not disrupt the electron passage through the

devices at low temperature, thus allowing the functioning of

devices that require good conductance, such as the nano-SQUID.

While the conduction is maintained the magnetic QD can still

interact perturbatively with the electron flow, for example via

magnetic flux coupling, to produce a magnetic signal.
Conclusions

In conclusion, we described a method to controllably assemble

multi-QD hybrid materials formed by CNT and magnetic NPs

into working electronic devices. By combining top-down and

bottom-up approaches, we have achieved the controlled self-

assembly of CNT-NP multi-QDs and investigated their room-

temperature transport properties. The bottom-up self-assembly

techniques afford electronic devices with a controllable number

of magnetic QDs, as required for the creation of molecular

spintronic devices.2 The conditions used are compatible with the

fabrication, with top-down methods, of single-CNT electronic

devices, and significant differences are found with present

methods for CNT decoration in solution.

The progressive addition of QDs allowed the exploration of

the evolution of the electron transport on sequentially adding

NPs to the hybrids and comparison between electronic devices

built of single metallic and semiconducting CNTs. The grafting

has fundamentally different effects on metallic and semi-

conducting CNTs. Semiconducting systems, being more sensi-

tive, allow for room-temperature single QD detection, while the

grafting technique maintains the properties of metallic CNTs,

which can then be used for the production of CNT-SQUID

devices.

The results here reported constitute an important step towards

the self-assembly of multi-QD electronic and spintronic devices.

They present key advantages for the future fabrication of

controlled hybrids, and allow the detection of single NPs

anchored onto the CNT. The random distribution of distances

between NPs, when using the CNT as a detector, should not

hinder the applicability of the hybrids, in this few-QD limit. The

soft-chemistry approach developed also has the advantages of

being relatively inexpensive, easy to scale up for large-scale

production of multi-dots and exportable to different kinds of

QDs. The weak coupling between the CNT and the NPs allows

the retention of the individuality of the QDs.

The results have possible applications in other areas where

CNTs and NPs are increasingly employed, such as electronics,

nanomedicine and biology.30 Anyway the use of magnetic NPs

introduces the possibility to investigate nanomagnets without

strongly perturbing the magnetization dynamics, in a double-QD

scheme.2 Nano-SQUID characterization7 and magneto-

Coulomb2,31 experiments should become feasible with the present

grafting techniques. The CoFe2O4 NPs here used are particularly

indicated, as they possess a wide magnetic hysteresis loop, cor-

responding to a large energy release during the magnetization

reversal. As the magnetism of CoFe2O4 is sensitive to light

irradiation29 multi-QD photoswitchable devices can be envis-

aged. The physics of such photocommutable systems when in the

Coulomb blockade regime is a promising area to explore and the

self-assembly techniques developed can be further adapted for

graphene–NP hybrids.32 It will also be interesting to combine
2106 | J. Mater. Chem., 2010, 20, 2099–2107
these properties with optical features, and in particular non-

linear ones, as already attempted for molecular magnetic mate-

rials.33 These developments will eventually stimulate the study of

environmental effects on the magnetization dynamics.34
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