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Nanowire heterostructures
One-Dimensional Heterostructures of Single-Walled
Carbon Nanotubes and CdSe Nanowires

Nan Fu, Zhen Li, Anton Myalitsin, Matteo Scolari, R. Thomas Weitz,

Marko Burghard, and Alf Mews*
Hybrid nanostructures from different nanomaterials are

attracting increasing attention due to the possibility of tuning

their chemical, electronic, and optical properties over a wide

range. So far, research has focused on the combination of one-

dimensional (1D) systems such as nanotubes and nanowires

(NWs) with zero-dimensional (0D) objects such as semi-

conductor or metal nanoparticles.[1–6] In the field of carbon

nanotubes (CNTs), the anchoring of different types of metal,

semiconductor, and insulator nanoparticles has enabled

numerous fundamental and application-related studies. For

instance, CNTs bearing appropriate metal particles have been

successfully employed in gas sensors[7,8] and fuel cells,[9,10] and

closely attached noble metal nanoparticles have been shown to

strongly enhance the Raman response of the underlying

CNTs.[11–13] Moreover, CNTs modified by anchoring semi-

conductor nanoparticles via linker molecules[14–23] or direct

semiconductor growth by colloidal routes[24] have found appli-

cations in photo-induced charge separation and transfer[21,22] as

well as fluorescence visualization.[20] Likewise, different kinds

of semiconductor nanowires, which are accessible through a

range of methods including chemical vapor deposition

(CVD),[25,26] thermal evaporation,[27] laser ablation,[28] and

the solution–liquid–solid (SLS) process,[29–31] have been utilized

as a platform for the assembly of nanowire–nanoparticle

hybrids. Such structures are promising for applications in field-

effect devices[32] and photocatalysis.[33–36]

Despite the recent progress made on hybrid nanostructures

composed of 1D and 0D systems, only a few studies have been

performed on hybrids comprising different 1D systems. Here

we report on the synthesis as well as structural and optical

characterization of a novel 1D heterostructure comprising

single-walled carbon nanotubes (CNTs) and CdSe nanowires

attached to the tube walls. Their synthesis involves two

subsequent steps, namely i) the electrodeposition of Bi

nanoparticles onto well-separated CNTs[37] and ii) the growth
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of CdSe nanowires using the attached Bi nanoparticles as

catalysts.[38,39] The growth of CdSe nanowires in the second step

is mediated by the Bi particles’ low melting point combined with

their dissolving capability for cadmium and selenium pre-

cursors.[29,30,40,41] The intriguing optical and electrical proper-

ties of the two types of nanowires, along with the unique

properties of Bi nanoparticles such as a high figure of merit

(ZT)[42–44] and the occurrence of a semimetal–semiconductor

transition (for particle sizes below 50 nm),[45,46] render the

CdSe NW�CNT hybrids promising building blocks for

thermoelectric devices[44,47] and solar cells.[22]

The CNTs were grown directly on SiO2/Si substrates by

CVD using FeCl3 as a catalyst.[48] After depositing photo-

lithographically patterned Ti/Au electrodes, the substrates

were placed inside an electrochemical cell, where Bi was

electrodeposited onto the tubes through reduction of Bi-III

ions (see Supporting Information). Metal electrodeposition on

CNTs is a well-established method, although it has mostly been

applied to noble metals such as Ag, Au, and Pt.[11,13,37,49]

Bismuth is distinguished from these metals by being a

semimetal with a low melting point (271.3 8C for bulk

material),[50,51] which requires different electrodeposition

conditions. In particular, its compounds such as BiCl3 are

readily hydrolyzed in water, yielding insoluble BiClO.

Consequently, a low pH-value and exclusion of oxygen are

required to revert this reaction (BiClOþ 2HCl!BiCl3þH2O).

From the atomic force microscopy (AFM) images and particle

size histograms of Figure 1 it can be seen that the average size of

the electrochemically deposited Bi particles attached to the

CNTs is in the range of 5–10 nm. However, it can also be seen

that the diameter distribution of the Bi particles depends

sensitively on the BiCl3 concentration, the deposition potential,

and also on the deposition time. As a general trend, an increase

in deposition time (Figure 1b), application of a more negative

potential (Figure 1c), as well as the use of a higher BiCl3
concentration (Figure 1d) resulted in a larger size of the Bi

particles. The observed sensitive dependence of particle size on

the electrodeposition conditions is similar to the case of noble

metals on CNTs.[37,49]

The subsequent growth of CdSe nanowires from the

electrodeposited Bi nanoparticles was carried out using an

SLS process, similar to a previous protocol where the Bi

particles were prepared by heating a flat Si substrate with a thin

layer of thermally grown Bi layer.[38] However, while the

diameter of the Bi particles obtained from the Bi layer were in

the range of 50–100 nm, the electrodeposited Bi particles in this
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Figure 1. AFM images of CNTs with attached Bi nanoparticles and corresponding Bi particle height distributions obtained after different

electrochemical conditions: a) 0.05 mM BiCl3,�1.1 V for 5 s; b) 0.05 mM BiCl3,�1.0 V for 8 s; c) 0.05 mM BiCl3,�1.1 V for 8 s; d) 0.1 mM BiCl3,�1.1 V for

8 s. The diameter, as well as the density, of the Bi nanoparticles on the CNTs increases from (a) to (d).

Figure 2. a-c) AFM images of the same sample area at different stages of

preparation. The circles (1–3) and square (4) mark the same positions on

the sample surface. CNTs from an identical area of the substrate after

different stages of modification (scale bar is 500 nm). a) CNTs grown by

CVD with an average AFM height of 1–2 nm; b) CNTs decorated with Bi

nanoparticles by ECM. The height of the Bi particle at position (3) is 3 nm

and several Bi particles can are observed at position (4). c) Successive

growth of CdSe nanowires with a diameter of about 8 nm from Bi particle

(3), which increased in height from 3 to 14 nm upon CdSe wire growth. Bi

particle aggregation can be observed at area (4). d) SEM image (scale bar

is 200 nm) of a different area on the same substrate, where the CNTs, Bi

NCs, and CdSe NWs can clearly be distinguished.
work are of considerably smaller size. This enables the growth

of much thinner CdSe nanowires with a diameter in the strong

quantum-confinement regime (<10 nm in diameter). To obtain

a high yield of nanowires, it proved vital to keep the

concentration of Cd and Se precursors in close proximity to

the Bi@CNT particles very high. To this end, the cadmium and

selenium precursor stock solution was loaded directly on the

substrate with the CNT�Bi structures. For nanowire growth,

the substrate was then immersed under argon protection into

the tri-n-octylphosphine oxide (TOPO) solution kept at a

reaction temperature of 150–300 8C.

Figure 2a–c shows AFM images of the same substrate area

at different nanowire growth stages. In each image, the circles

(1–3) and square (4) indicate the same position before

(Figure 2a) and after electrodeposition (Figure 2b), as well

as after nanowire growth (Figure 2c). The Bi-particles

predominantly remained at the same location, suggesting a

‘‘base growth’’ mechanism for the CdSe wire growth, in contrast

to the growth of homogeneous branchlike nanowires.[39]

However, it is noteworthy that the diameter of these particular

CdSe nanowires is approximately 8 nm, which significantly

exceeds the size of the original Bi nanoparticle seeds (�3 nm) in

Figure 2b. However, a closer inspection evidences that the size

of the Bi nanoparticles has increased from 3 to 14 nm during

CdSe nanowires growth, that is, in comparing their AFM

heights in Figures 1b and 2c.

In general, the growth of the Bi nanocatalysts during the

SLS growth of CdSe nanowires has also been observed in

homogeneous solutions with dissolved Bi particles.[52] Here it

has been concluded that the liquid Bi nanodroplets fuse upon

collision in the hot reaction solution. While such a mechanism

appears reasonable for solution reactions with mobile reac-

tants, in the present work the Bi particles are expected to be

fixed on the CNT surface. However, in control experiments

involving exposure of the Bi@CNTs structures to a hot TOPO

solution, but without addition of Cd/Se precursors, we found

that at temperatures above 200 8C the particles became slightly

mobile and change their position by less than 100 nm (see
small 2010, 6, No. 3, 376–380 � 2010 Wiley-VCH Verlag Gmb
Supporting Information). When the temperature was raised

above 300 8C the particles detached completely from the CNTs

and could not be located anymore by AFM. Based on these

observations, we tentatively ascribe the Bi particle size increase

during the CdSe nanowire growth to the fusion of small Bi

aggregates, as exemplified by the squares in Figure 2b and c,

respectively. In addition we found that the Bi particle growth is

more pronounced during CdSe wire growth, as compared to
H & Co. KGaA, Weinheim www.small-journal.com 377
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Figure 3. a) AFM image (1-mm scale bar) of CNT�NW heterostructures,

with marked CdSe nanowire and CNTs; b) overlay of a Raman image of the

CNTs and a fluorescence image of the CdSe nanowires (1-mm scale bar)

fromthesameareaasin(a);dottedarrowsindicatethegrowthdirectionof

nanowires. c) Ramanspectrumof theCNT indicatedby thearrow in (a) and

(b); d) fluorescence spectrum of the CdSe nanowire indicated by the

arrow in (a) and (b).
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heat treatment without the addition of CdSe precursors. Hence,

we further argue that the ‘‘mobility’’ of the Bi species is

enhanced upon loading with Cd and Se because of melting point

reduction. For example, even in bulk materials the eutectic

mixture of 4% CdSe in Bi reduces the melting point of Bi from

271 8C to 264 8C.[53] For small Bi particles the melting point is

even lower and values of less than 100 8C have been reported for

particle sizes below 1 nm,[54] while virtually no data exists for

nanoscopic eutectic mixtures. However, highly mobile and

reactive Cd�Bi�Se intermediates might be formed during the

synthesis, which simultaneously accelerate both the Bi particle

growth and also the CdSe nanowires formation.

At lower temperatures, the reduced Bi mobility and the

corresponding possibility to keep the Bi particles small could be

exploited to grow thinner CdSe nanowires. For example, at a

reaction temperature of 200 8C, the average size of the Bi

particles increased from originally 9 nm to 15 nm after CdSe

nanowire growth, with a mean diameter of the resulting

nanowires of 12 nm. Even at a reaction temperature of 150 8C
CdSe nanowires were formed, albeit only from less than 15% of

the Bi particles whose diameter is below 6 nm. Particles with a

larger diameter did not show any catalytic activity at all, in

agreement with the size-dependent melting point of Bi

nanoparticles.[54] With rising reaction temperature, the nano-

wire yield gradually increased, along with a broadening of the

diameter distribution of the Bi nanoparticles and CdSe

nanowires (see Supporting Information). Specifically, while a

yield of about 20% was obtained at 180 8C, it increased to 50%

at 200 8C, and more than 80% at 250 8C. At the same time, the Bi

particles became increasingly mobile, until at 250 8C they

almost completely detached from the CNTs.

For the growth of longer CdSe nanowires, we employed a

multiple growth technique similar to that in Reference [38]. In

this reaction sequence, the substrate was removed from the

liquid TOPO solution under Ar protection after the first growth

step at 180 8C, and an additional drop of precursor solution was

loaded on the sample surface. Finally, the sample was again

immersed into the solution but now at a higher temperature

(200 8C). In this manner, the length of nanowires could be

notably increased from 0.8� 0.3mm after the first growth step

to 2.3� 1.3mm after the second step (see also Figure 2). It

should be emphasized that, if the sample was completely

removed from the reaction flask and exposed to air, no further

growth could be observed, most likely because of oxidative

deactivation of the Bi particles.

The optical properties of the CNT�Bi�CdSe structures

were studied using combined Raman and fluorescence

microscopy and spectroscopy of individual nanoassemblies.

The detection of Raman signals allows imaging and localizing of

CNTs on the substrate, as well as determination of the structure

and electronic properties of individual nanotubes.[55]

Semiconductor nanowires, on the other hand, can be localized

by their fluorescence, with the fluorescence wavelength being

characteristic of their diameter and fluorescence intensity

fluctuations, providing a measure for the charge-carrier

dynamics.[56,57] Figure 3a displays an AFM image of a typical

sample surface with CNT�Bi�CdSe structures, where the

CdSe nanowires have been grown by the multiple injection

method described above. It can be seen that several CdSe
www.small-journal.com � 2010 Wiley-VCH Verlag Gm
nanowires are still attached to the CNTs via Bi particles, even

though the growth was performed through in two steps. In

Figure 3b, an overlay of a fluorescence image of the CdSe

nanowires (red) and a Raman G-band image of the CNTs

(yellow) is depicted. The Raman intensity is strongly dependent

on the resonance conditions, that is, only those tubes where the

absorbed or scattered light is in resonance with the excitation

energy can be observed in the image.[58] By contrast, the

fluorescence can be detected from every nanowire, although its

intensity changes along the wire axis.

Most nanowires displayed a stronger intensity at the thinner

part close to the Bi catalyst, as exemplified by another set of

nanowires in Figure 4. The scanning electron microscopy

(SEM) picture in Figure 4a shows two nanowires whose

diameters increase along the wire axis. For the left-hand

nanowire the SEM image as well as the AFM image (not shown)

revealed a diameter of 5 nm close to the Bi catalyst, which

increases to about 9 nm at the end of the wire. The

corresponding fluorescence image in Figure 4b evidences that

the fluorescence intensity is considerably higher at the thinner

nanowire section. Concomitantly, the emission wavelength is

shifted from 655 to 690 nm (Figure 4c), in agreement with the

diameter dependence of fluorescence of CdSe-NWs grown

from dispersed Bi-particles in solution.[40]

To explain the origin of the inhomogeneous diameter of the

NWs and the enhanced fluorescence of the thinner nanowire

sections, the specific reaction conditions in our synthesis

procedure may play an important role. In particular, since the

Bi particles are located at the CNT surface the diameter might

increase through fusion only during the first stage of reaction.

After this initial stage no further Bi precursor is delivered from

solution, and the Bi might partially dissolve into the CdSe

nanowire and thus shrink during further growth. However,
bH & Co. KGaA, Weinheim small 2010, 6, No. 3, 376–380



Figure 4. Correlation of morphology, fluorescence intensity, and

fluorescence spectra of individual CdSe nanowires. a) SEM image of two

CdSe nanowires, where the diameter is gradually increasing away from

the Bi catalyst. b) Fluorescence image (lex¼ 514 nm) showing a higher

fluorescence intensity at the thinner part of the NW close to the Bi particle.

c) Fluorescence spectra taken at the positions marked in (a) and (b). The

fluorescence wavelength shifts to higher energies for smaller parts of the

NWs according to size quantization effects.
since the amount of Bi dissolved in the CdSe nanowires is

expected to be very low it cannot be detected within the

accuracy of energy-dispersive X-ray spectroscopy (EDAX).[53]

Nevertheless, it may well be that smaller amounts of Bi below

the detection limit of the EDAX measurements are doped into

the CdSe nanowires, which leads to a gradual decrease of the Bi

nanocatalyst volume and hence a gradual decrease of the CdSe

nanowires during the growth process. A similar mechanism was

suggested for silicon NWs grown from gold catalysts by the

vapor–liquid–solid (VLS) mechanism.[59] Moreover, a recent

theoretical study has predicted that the impurity concentration

of the catalyst material inside the nanowire decreases with the

wire diameter.[60] Such dependence may also explain the low

fluorescence intensity of the CdSe nanowires in general

(QY< 1%),[61] as well as the fluorescence intensity modulation

along the wires. Since Bi impurities will lead to an n-type doping

of the CdSe nanowires, the excess charge carriers could quench

the NW fluorescence in an Auger-like process, a mechanism

that has been proposed for the quenching of CdSe nanocrys-

tals.[62] In addition, if the relative amount of Bi at thinner

sections of the CdSe nanowire is indeed reduced, this might

explain the increase of fluorescence at the thinner part of the

nanowires. However, a more detailed analysis of the structure

and chemical composition of the nanowires along with

investigations of the fluorescence dynamics of individual

nanowires are needed to test these assumptions.

In conclusion, we have shown that Bi particles electro-

deposited onto CNTs are suitable catalysts for the subsequent

growth of CdSe nanowires. The electrodeposition parameters

allow control over the size and density of the Bi nanoparticles,

and thus the density of CNT�CdSe nanowire branches. The SLS

growth yields CdSe wires of controllable diameter in the range of

4 to 12 nm, and wire lengths of up to several micrometers can be

reached using a multiple injection technique. The CNT�CdSe

nanowire hybrids are of interest for fundamental studies of

luminescence quenching in dependence of charge-carrier

densities and current flow, as well as for applications in

photoelectric or thermoelectric devices.
small 2010, 6, No. 3, 376–380 � 2010 Wiley-VCH Verlag Gmb
Experimental Section

Electrodeposition of Bi nanoparticles onto CNTs: Bismuth

solution was prepared with 0.05 to 0.1 mM BiCl3, 1 M HCl, 1 mM KCl

as an electrolyte and 5 mM poly-(vinylpyridine) as a surfactant.

Then the solution was purged with Ar for 20 minutes in order to

get rid of dissolved oxygen. A potentiostat (HEKA Potentiostat

galvanostat PG 310) was used to apply potential during the

experiment, supplied with a tungsten needle as a working

electrode, and silver and platinum wire as reference and counter

electrodes, respectively. The as-prepared substrate with patterned

electrodes and CNTs on surface was immersed into the bismuth

solution in an electrochemical cell made of Teflon, where three

electrodes are also immersed (see Supporting Information).

Before applying potential, the tungsten working electrode was

positioned through a microscope onto the patterned electrode on

the substrate. During the electrochemical modification process,

negative potentials from �0.9 V to �1.5 V with respect to the

reference silver electrode were applied for 5 to 10 s on the working

electrode, which was connected with CNTs on the substrate

surface. Afterwards, the sample was taken out from the solution

and rinsed by DI water.

Growth of CdSe nanowires using the attached Bi nanoparticles

as catalyst: Firstly, Se powder was dissolved in trioctylphosphine

(TOP) to prepare a 1 M Se�TOP solution as a stock solution in a

glove box. A reaction flask containing about 3 g tri-n-octylpho-

sphine oxide (TOPO) was evacuated for 30 minutes at 100 8C, then

filled with Ar. Afterwards, 10mL Se�TOP stock solution was

loaded onto the substrate surface with the Bi-modified CNTs and

then the substrate was immersed into the TOPO solution at growth

temperature from 150 8C to 300 8C. Meanwhile, 10mL of highly

reactive dimethyl cadmium solution (Cd(Me)2) was also injected

(see Supporting Information). After 1 to 10 minutes, depending on

the reaction temperature, the substrate was taken off the solution

and rinsed with toluene to remove byproducts such as deposited

CdSe nanoparticles. Alternatively, to avoid using the hazardous

compound Cd(Me)2, Cd(CH3(CH2)6COO)2 solution was prepared as

a Cd precursor by dissolving CdO in octanoic acid

Cd(CH3(CH2)6COO)2. During the reaction, a drop of

Cd(CH3(CH2)6COO)2-TOP solution (1 M) was loaded directly onto

a substrate surface together with a drop of Se-TOP (1 M) in the

flask under the protection of Ar, keeping the ratio of Cd:Se as 1:1.

At the reaction temperature, the substrate was immersed into the

TOPO solution and the growth of CdSe nanowires took place from

Bi nanoparticles on the substrate.

NW-CNT heterostructure imaging: NW-CNT heterostructure

imaging: After electrochemical deposition of Bi nanoparticles on

CNTs as well as CdSe nanowire growth, sample surfaces were

characterized by a NanoScope IV Multimode atom force micro-

scope from Veeco Digital Instruments in tapping mode. By

adjusting the colour table of the images, nanowires could be

distinguished from CNTs due to the large difference of their

diameters. Moreover, combined Raman and fluorescence micro-

scopy and spectroscopy of individual nanostructures were

obtained by our home-made single-molecule laser spectrometer.

In our experiments, the complete fluorescence emission above

520 nm was selected by an optical filter in front of the detector to

acquire a fluorescence image of nanowires by scanning the

sample through the focus of the laser spot. Likewise, the G-band
H & Co. KGaA, Weinheim www.small-journal.com 379
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of the CNTs, which is shifted by 1592 cm�1 with respect to the

laser excitation energy (514 nm), was filtered by a monochromator

to image the CNTs, as shown in Figures 3 and 5. Meanwhile,

Raman and fluorescence spectra of individual CNTs and nanowires

could also be obtained by the spectrometer.
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