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ZnS/CdSe core-shell and wire-coil nanowire heterostructures have been synthesized by chemical vapor
deposition assisted with pulsed laser ablation. Measurements from high-resolution transmission electron mi-
croscopy and selected area electron diffraction have revealed that both ZnS/CdSe core-shell and wire-coil
nanowires are of single-crystalline hexagonal wurtzite structures and grow along the [0001] direction. While
the lattice parameters of ZnS and CdSe in the core-shell nanowires are nearly equal to those of bulk ZnS and
CdSe, change of the lattice parameters in the CdSe-coil is attributed to the doping of Zn into CdSe, resulting in
the relaxation of compressive strain at the interface between CdSe-coil and ZnS-wire. Composition variation
across the interfacial regions in the ZnS/CdSe nanowire heterostructures ranges only 10-15 nm despite the
pronounced lattice mismatch between ZnS and CdSe by ~11%. Growth mechanisms of the ZnS/CdSe
nanowire heterostructures are discussed.
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1. INTRODUCTION

One-dimensional (1D) nanoscaled materials are impor-

tant for fundamental research and technological applications.

These materials have a potential to reach higher device densi-

ties compared to traditional semiconductor technology.

Semiconducting nanowires have been used as building blocks

for the assembly of a wide range of nano-devices, including

field effect transistors,1,2 p-n diodes,2,3 logic gates,3-5 bipolar

transistors, and complementary inverters.3 1D heterostruc-

tural nanowires with a crystalline and coherent interface

along the wire axis hold a great potential for photonic and

electronic applications, such as scanning probes, field-emis-

sion tips, resonant tunneling devices, nanobarcodes, injec-

tion lasers, and thermoelectrics.3,6-9 However, the success of

semiconductor integrated circuits with abrupt interfaces de-

pends largely upon the capability of heterostructural forma-

tions through controlled doping and interfacing. It is realized

that a pronounced lattice mismatch in the junction area can

induce a large strain at the interface and cause degradation in

material quality. Despite several recent reports,10-13 a general

synthetic scheme for the formations of 1D nanostructural

heterojunctions and superlattices with well defined interfaces

is still in its research stage.

In the synthesis of axially modulated nanowire super-

lattices, a catalyst common to two different materials can be

useful to grow a nanowire superlattice structure by modulat-

ing the reactants during growth and manipulating the com-

positional depositions. For instance, Si/SiGe nanowire super-

lattices with regular modulated compositions were prepared

by Wu et al.10 using a hybrid pulsed laser ablation (PLA)/

chemical vapor deposition (CVD) method with Au as a cata-

lyst. Björk et al.11,12 have fabricated 1D InAs/InP super-

lattices with atomically sharp interfaces and provided electri-

cal transport data relating to the tunneling of electrons

through the heterostructure barriers. Gudiksen et al.13 synthe-

sized nanowire superlattices of GaAs/GaP with a composi-

tion variation across the interface on a length scale compara-

ble to the diameter of the metal-catalyst used in the fabrica-

tion.

Epitaxial core-shell and core-multishell nanowire het-

erostructures of Si and Ge were synthesized by Lauhon et

al.14 using a CVD method. Core-shell heterostructures fabri-

cated from the growth of crystalline overlayers on nano-

crystals offer an enhanced emission efficiency15 and are use-

ful for many applications in biological labels and nanoscaled
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lasers.16-18 Quantum dots of CdSe/ZnS core-shell structures

have been found to exhibit a lasing effect and can be used for

fluoro-immunoassays, biological imaging, and bio-sensors.19,20

Quantum confinement induced lasing has also been observed

in CdSe/ZnS nanorods.21 However, axial and radial modula-

tions on nanowire structures by compositional doping and

morphological variation have so far drawn less attention. In

this paper, we discuss the fabrications of ZnS/CdSe core-

shell and wire-coil nanowire heterostructures by a PLA/CVD

method.

2. EXPERIMENTAL

Apparatus in the PLA/CVD experiments to synthesize

ZnS/CdSe nanowire heterostructures is similar to that de-

scribed in our earlier publications for the fabrications of Si

nanowires22 and CdSe nanobelts and nanosheets.23 A brief

schematic for the PLA/CVD experimental setup is illustrated

in Fig. 1a. In the fabrications of ZnS/CdSe nanowire hetero-

structures, ZnS and CdSe samples (99.999% purity) were

separately pressed into pellets by a hydraulic press and were

placed in a quartz tube at the upstream of a furnace. Si sub-

strates containing Au nanoparticles were placed downstream

of the furnace at different deposition temperatures for the

growth of various morphological nanostructures. After evac-

uating the chamber to < 20 mTorr, the furnace was heated up

to 828 �C. The chamber pressure was maintained at ~250 Torr

with a constant flow of Ar (90%) and H2 (10%) at 200 sccm.

A pulsed Nd:YAG laser (Spectra Physics GCR-190, 1064 nm

wavelength, 7 ns pulse duration, 30 Hz repetition rate, and 15

mJ/pulse) was ignited to ablate the ZnS target. ZnS nano-

wires were synthesized at ~660 �C.

In the fabrication of ZnS/CdSe core-shell nanowires,

the subsequent process was to ablate the CdSe sample to form

a CdSe shell on the ZnS wires. The same experimental condi-

tions used for the formation of ZnS nanowires were adopted

to ablate the CdSe target except that the deposition of CdSe

shell was at different temperatures by placing the growth sub-

strate at an appropriate position inside the furnace as depicted

in Fig. 1b. Favorable growth temperature for the CdSe shells

was ~380 �C.

For the formation of ZnS/CdSe wire-coil nanowires,

procedures of fabricating ZnS nanowires are the same as de-

scribed above. By comparison, an optimal thermal condition

for the CdSe coil growth next to the ZnS wire (whose mor-

phology is shown in Fig. 3b and will be discussed later) was

found to be ~470 �C (Fig. 1b).

Morphological, structural, and energy dispersive spec-

troscopic (EDS) measurements of the as-synthesized ZnS/

CdSe nanowire heterostructures have been conducted by

scanning electron microscopy (SEM) (LEO 1530 Filed Emis-

sion Gun SEM), transmission electron microscopy (TEM),

selected area electron diffraction (SAED), and high-resolu-

tion TEM (HRTEM) (JEOL JEM 2010 Analytical TEM at

200 kV).

3. RESULTS AND DISCUSSIONS

A. ZnS/CdSe core-shell nanowires

a. Chemical compositions

The as-synthesized ZnS/CdSe core-shell nanowires

have diameters of 100-170 nm and can be several �m long ob-

served from SEM images (not shown). Fig. 2a shows a typi-

cal TEM morphology where the heterostructural nanowire

exhibits a distinct contrast between core and shell. An Au-

nanoparticle that attaches on the tip of the nanowire is also
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Fig. 1. (a) Schematic illustration of PLA/CVD experimental setup 1. Nd:YAG laser beam, 2. Lens of 100-cm focal length, 3.
Target samples, 4. Carrier gases (Ar + H2) inlet and outlet, 5. Au coated Si substrate, 6. Furnace, 7. Quartz tube. (b)
Temperature profile at different substrate positions to the left-side edge of the furnace.



clearly seen. The observed core diameter and shell thick-

nesses of the heterostructural nanowire are ~47 nm and ~43

nm, respectively.

Elemental analysis for the wire core (Fig. 2b) shows its

major compositions of Zn and S with a stoichiometric ratio of

1:1. The weak signals of Cd and Se in Fig. 2b are attributed to

the compositions of the wire shell, of which the involvement

is inevitable for the electron microscopic investigation of the

core structure in the measurement of core-shell nanowires.

Chemical analysis on the wire shell (Fig. 2c) indicates that

the shell is composed of Cd and Se with a slight contamina-

tion of Zn and S. It is noted that the signals of C and Cu origi-

nate from a TEM grid. For the particle on the tip of the nano-

wire, while its shell contains major CdSe and minor ZnS (Fig.

2e), the core of the particle (darker spot in Fig. 2a) is com-

posed of Cd, Se, and Au with minor concentrations of Zn and

S (Fig. 2d). The strong signals of Cd and Se in Fig. 2d are

likely contributed from the shell for the same reason as de-

scribed above. Lesser concentrations of Zn and S left in the

core of the catalytic Au alloy particle could be due to some re-

actions involved during the shell formation.

Chemical analysis across the cross-section of the core-

shell nanowire with electron beam size of ~2 nm indicates an

intermixing compositions of ZnS and CdSe at the core-shell

interface. It is interesting to note that the composition varia-

tion across the interfacial region between shell and core

ranges only 10-15 nm, even though mismatches in the a and c

lattice parameters of ZnS to those of CdSe are 11.14% and

10.74%, respectively. This outcome can be explained by the

observation of Gudiksen et al.,13 in which the composition-

variation region with defect-free and atomically abrupt inter-

faces could be substantially reduced in smaller-diameter
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nanowires.

In the reaction to form a CdSe shell on the ZnS nano-

wires and in order to achieve shorter range of composition

variation in the interface, we have tried to pump the ZnS va-

por out of the reaction tube prior to the deposition of CdSe

shell. Moreover, ZnS vapor was further carried away by the

Ar + H2 mixture carrier after the growth of ZnS nanowires.

Meanwhile, the collection substrate of Si wafer was pulled

down to a lower temperature region in the furnace. Several

minutes later, the substrate was pushed back to an optimal

temperature position (Fig. 1b) for the growth of the CdSe

shell.

b. Structural determination

The crystalline structures of this core-shell nanowire

have been examined by SAED (Figs. 2f-g) and HRTEM (Fig.

2h). These results indicate that both ZnS-core and CdSe-shell

have similar single-crystalline hexagonal wurtzite structures.

In the SAED patterns, the ED dots show a slight splitting

which is caused by a little difference in the lattice parameters

between ZnS and CdSe. From our SAED measurements

(Figs. 2f-g), the ZnS-core has a single-crystalline hexagonal

structure of a = 3.853 Å and c = 6.301 Å. The CdSe-shell is

also single-crystalline hexagonal with a = 4.261 Å and c =

6.956 Å. These values agree well with a = 3.820 Å and c =

6.257 Å of bulk ZnS and a = 4.299 Å and c = 7.010 Å of bulk

CdSe.

From the HRTEM image (Fig. 2h), we measured d(100) �

3.335 Å for the ZnS-core and d(100) � 3.687 Å for the CdSe-

shell. The obtained interplanar distances of (100) match very

well with d(100) ZnS = 3.337 Å and d(100) CdSe = 3.690 Å calcu-

lated from our SAED data. Analysis from the HRTEM (Fig.

2h) indicates that both CdSe-shell and ZnS-core prefer their

growths along the [0001] direction. At the interface of ZnS-

core and CdSe-shell, we have also observed some roughness

by HRTEM. Introducing roughness at the interface is an op-

tion for creating single axial dislocation to relieve the strain

caused by a lattice mismatch.24 Some stacking faults were

also observed in the CdSe shell of this work.

c. Growth mechanism

In the present work, the formation of ZnS nanowires

basically complies with the tip-growth of a vapor-liquid-solid

(VLS) model proposed originally by Wagner et al.,22,23,25 in

which a liquid cluster of metal-catalyst provides energeti-

cally favored sites for the absorption/adsorption of gas-phase

reactants. Sizes of the catalysts are considered to be responsi-

ble for the resultant diameters of nanowires. In our experi-

ment, growth of the ZnS nanowires at ~660 �C follows this

VLS mechanism, where diameters of the nanowires are basi-

cally governed by the sizes of catalytic Au-particles.

The synthesis of CdSe-shell on the ZnS-nanowire takes

place at a lower temperature (~380 �C, Fig. 1b) than the for-

mation of ZnS-nanowire (~660 �C). This thermal situation is

similar to the formation of Ge-shell on Si nanowires in the

fabrication of Ge/Si core-shell nanowires conducted by

Lauhon et al.,14 who have considered an atomic layer epitaxy

(ALE) process responsible for the deposition of the shell-

structures. It is noteworthy, however, that the CdSe-shell in

this work is of single-crystalline nature, unlike the two stage-

formation of Ge/Si core-shell single-crystalline nanowires by

Lauhon et al.14 In their fabrication, an amorphous Ge-shell

was originally on the single-crystalline Si nanowires, which

was crystallized later by annealing.

In this study, the single-crystalline CdSe-shell could

have resulted from an in situ annealing process. First, owing

to a possible rapid ALE, an amorphous or imperfect crystal-

line CdSe-shell might initially have formed on the surface of

ZnS nanowires. Especially, referring to the sizable lattice

mismatch between ZnS and CdSe, interfacial defects and im-

perfect structures were plausible to coexist in the CdSe-shell

by the rapid ALE. Second, this metastable CdSe-shell could

have transformed to a single-crystalline structure through an

in situ annealing process. In view of the thermal conditions (<

350 �C) for the synthesis of single-crystalline CdSe nano-

crystals reported in several previous studies,23,26-28 the depo-

sition temperature (~380 �C) of the CdSe-shell in the present

work should be high enough to provide sufficient annealing

energy for the crystallization of CdSe-shell.

We note that the abruptness in the ZnS/CdSe core-shell

interface in the as-synthesized nanostructures is not ideal due

to large lattice mismatch. In the experiment, we found that

the compositional grading across the interface is strongly de-

pendent on the fine tuning of growth temperature. Chiou et

al.29 also reported a significant improvement at the interface

of a GaInP/GaAs quantum well with aid of H2 purge and PH3

pre-flow. It is realized that when the lattice mismatch is pro-

nounced, a rough interface with islands and/or dislocations is

likely formed at the initial stage of the shell growth due to an

increasing strain. In our experiment, islands were not formed

at the interface indicating that the strain between core and

shell was rather relieved. This outcome is consistent with the

interfacial roughness discussed above for the strain relax-

ation. In our study of core-shell nanowires, while the diame-

ter and length of a ZnS-core depend on the size of a catalytic

Au nanoparticle and laser-ablation time, thickness of a CdSe-
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shell is only proportional to the growth time.

B. ZnS/CdSe wire-coil nanowires

a. Chemical compositions

Figs. 3a-b show a representative TEM image of a ZnS/

CdSe wire-coil nanowire, where a straight nanowire, a heli-

cal coil, and a nanoparticle at the junction of wire and coil are

observed. EDS analyses (Figs. 3c-e) reveal that while the

wire has a stoichiometric ratio of Zn:S ~ 1:1 (Fig. 3c), the coil

is composed of Se, Cd, and Zn at a proportion of 50:35:15%

(Fig. 3d). This observation suggests that some Zn mixed with

CdSe to form the coil structure during the helical growth. To

be precise, a compositional formula for the coil should be ap-

proximately Cd2ZnSe3, indicating that one thirds of Cd in the

coil has been substituted by the same II-B group element of

Zn compared to the original CdSe bulk sample. In the follow-

ing discussion, however, we will still represent the helical

structure by CdSe-coil for simplicity. Compositional analy-

sis for the nanoparticle at the junction of wire-coil hetero-

structure (Fig. 3e) reveals its compositions of Au:Cd:Se ~

47:45:8%. The presence of Au only in the “bridging” nano-

particle, but not in the wire and coil structures, confirms the

catalytic nature of Au during the reaction. A similar catalytic

metal alloy is also observed by Duan et al.30 in the laser-
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high contrast ZnS/CdSe wire coil structure with a straight nanowire (bright contrast diameter ~65 nm) a helical coil



assisted catalytic growth of single-crystalline GaN nano-

wires. According to their results, chemical composition of

the nanoparticle that attaches to the GaN nanowire is com-

posed of Fe (used as a catalyst), Ga, and N.

b. Structural determination

The SAED results (Fig. 3f-g) show that ZnS/CdSe wire-

coil nanowires are of hexagonal wurtzite structure. Calcula-

tion for the lattice parameters of the hexagonal ZnS-wire

(Fig. 3f) gives a = 3.792 Å and c = 6.255 Å. These values

agree well with the standard values of bulk ZnS. On the other

hand, the obtained a = 4.080 Å and c = 6.687 Å for the hexag-

onal CdSe-coil (Fig. 3g) deviate significantly from those of

bulk CdSe. The deviation originates from the doping of Zn

into CdSe-coil as mentioned earlier. The “bridging” Au-

nanoparticle sticks out of the wire-coil nanowire (Fig. 3b), re-

sulting in a substantial contact between ZnS-wire and CdSe-

coil at the interface. Because of the significantly different lat-

tice parameters in ZnS and CdSe, the doping of Zn into

CdSe-coil has made this lattice mismatch smaller, and has re-

laxed the strain in the interface to make the heterostructural

junction more stable. Composition variation across the inter-

facial region between wire and coil ranges 12-16 nm. HRTEM

images depicted in Figs. 3h-i show clearly single-crystalline

structures for the ZnS/CdSe wire-coil nanowire. Both ZnS-

wire and CdSe-coil have been observed to grow along the

[0001] direction. Interplanar spacings obtained from the

HRTEM images of ZnS-wire and CdSe-coil are d(001) ZnS �

6.253 Å and d(100) CdSe � 3.530 Å, respectively, consistent with

6.255 Å and 3.533 Å calculated from the SAED results (Figs.

3f-g).

c. Growth mechanisms

The growth of ZnS nanowires is the same as that de-

scribed earlier and complies with a VLS mechanism. In the

subsequent growth of CdSe coil (Fig. 3b), Zn has mixed with

CdSe to form the coil structure. Position of the catalytic Au-

nanoparticle as shown in Fig. 3b is noteworthy. Displacing

from the wire-coil axis and sticking out of the nanowire, the

catalytic Au-nanoparticle can therefore have more surface-

space to expose to the reactant vapor in the coil growth to

carry out a VLS process for the formation of helical struc-

tures. In several previous studies for the fabrications of axial

heterostructure nanowires,10-13 a catalytic nanoparticle was

always found to locate at the top of a nanowire with each con-

secutive heterostructure junction either nucleating via an or-

dinary VLS mechanism,10-12 or attaching to the open end of

the synthesized nanowire.13 Growth of the ZnS/CdSe wire-

coil nanowires in this work, however, is quite unique and dif-

ferent from the previously existing examples. In our study,

while the formation of ZnS nanowires complies with a VLS

tip-growth mechanism that we have discussed earlier, the

growth of CdSe-coils follows a root-growth mechanism as

evidenced by the distinct position of catalytic Au-nano-

particle at the junction of heterostructural nanowires (Fig.

3b). The root-growth in this work probably stems from the

lattice mismatch between ZnS and CdSe by ~11%, which is

quite pronounced compared to 3.42% in a previous case of

GaP/GaAs nanowire superlattices fabricated by Gudiksen et

al.13 Because of the sizable lattice mismatch between ZnS and

CdSe, the deposition of CdSe is more favorable to the cata-

lytic Au-nanoparticle than to the open end of the already

formed ZnS-wire. It is also interesting to note that unlike the

previous nanowire-superlattice examples where the nucle-

ation of heterostructure junctions is in the same direction to

the Au-nanoparticle,10-13 a helical structure formed in this ex-

periment was in the opposite direction with the Au-nano-

particle lying in the middle as a joint (Fig. 3b).

In the same line of reasoning to ease the compressive

strain in the interface of ZnS-wire and CdSe-coil, leak of Zn

into the CdSe-coil to make the mismatch of lattice parameters

smaller was an option to relax the strain. The supply of Zn

could come from the residual ZnS vapor in the reaction tube,

or at the expense of melting the already formed ZnS nano-

wires. Moreover, doping of Zn into the growing CdSe-coil

could have been mediated by the Au catalyst. In view of the

dissolutions between the reactants (Cd, Se, Zn, and S) and

catalyst (Au), an order of mixing with Au at ~470 �C is Cd >

Zn > Se > S based on their phase-diagram data.31 However,

the laser-ablated Cd and Se vapors are prevailing during the

coil growth, resulting in an approximate composition of

Cd2ZnSe3 for the coil structure determined by EDS (Fig. 3d).

A lacking of S in the coil could be due to the high volatility of

S and/or its low solubility with Au during the coil growth.

Accordingly, S could escape from the surface of an Au-nano-

particle and, as a consequence, S is absent in the coil (Fig.

3d).

The CdSe-coil is an intriguing structure fabricated in

the present study. To date, there are several growth mecha-

nisms proposed for the formations of helical nanowires and

nanotubes.32-34 To explain the formation of boron-carbide

nanosprings, Mcllroy et al.33 have put forward a contact angle

anisotropy (CAA) model, where helical growth is due to

anisotropic growth rates around the perimeter of catalyst/

wire interface resulting from various surface-energy at differ-

ent catalyst/wire contact angle.

In this work, the catalytic Au-nanoparticle has been ob-

served to protrude from the junction in the ZnS/CdSe wire-
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coil heterostructures. Sticking out of the wire-coil axis rather

than being embedded in the nanowire, the Au-nanoparticle

thus has more surface-space to expose to the reactant vapor to

catalyze the helical growth via a VLS mechanism. In the

growth of CdSe-coil, asymmetric extruding of the helical

wire (diameter ~88 nm) from the catalytic Au-alloy liquid-

droplet (diameter ~115 nm, Fig. 3b) can be nicely accounted

for by the CAA model,33 where an apparent displacement be-

tween CdSe wire-axis and Au particle-center has driven the

spiral growth via a VLS process. In our study, right- or left-

handed chirality in the fabricated CdSe-coils is distributed

equally statistically, rendering a racemic mixture. It is also

remarkable that the pitch angle of ~54.2� in the CdSe-coil

(Fig. 3b) coincides with one of the two distinct pitch angles,

~54� and ~11�, observed in helical ribbons as intermediates

in the crystallization of cholesterol.35 These helical structures

with high- and low-pitch angles of ~54� and ~11�, respec-

tively, have also been shown to be general features36-39 in not

only the model bile systems,35 but also a variety of four-com-

ponent systems composed of a bile salt or nonionic detergent,

a phosphatidylcholine or fatty acids, a steroid analog of cho-

lesterol, and water.40

4. CONCLUSION

ZnS/CdSe core-shell and wire-coil nanowire hetero-

structures have been fabricated by a PLA/CVD method.

HRTEM and SAED results have indicated that the as-syn-

thesized core-shell and wire-coil nanowires are of single-

crystalline hexagonal wurtzite structures. For the core-shell

structure, the lattice parameters of ZnS/CdSe nanowires are

nearly equal to those of bulk ZnS and CdSe. HRTEM images

reveal that both ZnS-core and CdSe-shell prefer growing

along the [0001] direction. For the wire-coil structure, varia-

tion of the lattice parameters in the CdSe-coil is attributed to

the doping of Zn into CdSe, resulting in the relaxation of the

compressive interfacial strain between CdSe-coil and ZnS-

wire. The growth directions for the ZnS-wire and CdSe-coil

are both parallel to the [0001] direction. Proposed growth

mechanisms of the ZnS/CdSe core-shell and wire-coil nano-

wire heterostructures have been discussed.
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