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Sublimation sandwich method (SSM) was developed to fabricate ZnSe nanowires assisted by Au-catalytic
vapor-liquid-solid (VLS) process. The ZnSe nanowires have zinc-blende structure and the length is
ultralong, up to tens of micrometers. High-resolution transmission electron microscopic (HRTEM) inves-
tigations reveal that there are two types of nanowires: well crystalline nanowires and poor crystalline

nanowires with high density of bulk defects e.g. stacking faults, dislocations and twinning defects. The
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cathodoluminescence spectra indicate significant difference in optical properties of these two types of
nanowires. We deduce that Vz, and Zn; are the main reason for the deep defects related green-red emis-
sion observed in well crystalline nanowires, while the bulk defects in the poor crystalline nanowires
should be responsible for the deep defects related emissions centered at 515 and 604 nm.

© 2010 Elsevier B.V. All rights reserved.

1. Introduction

One-dimensional (1D) II-VI semiconductor nanowires have
attracted much attention due to their unique electrical and opti-
cal properties and potential applications in various optoelectronic
and electronic nanodevices [1-5]. Among these II-VI semiconduc-
tors, ZnSe nanowires are promising materials as photodetectors,
light-emitting diodes and laser diodes due to its wide bandgap of
ca. 2.7eV (460nm) and large exciton binding energy of 21 meV
[6-10]. The syntheses and properties of ZnSe nanowires have
been extensively studied to now [8,11-14]. Recently, some con-
ventional technologies of film, including metal-organic chemical
vapor deposition (MOCVD) [15-17], laser ablation (LA) [18], molec-
ular beam epitaxy (MBE) [19,20], and atomic layer deposition
(ALD) [21] had been developed to synthesize the ZnSe nanowires,
demonstrating the possibility of the integration of the ZnSe thin
films and 1D nanowires technology by the same routes. Neverthe-
less, these technologies are high expensive and the length of the
as-synthesized nanowires is too short to be applied in nanofab-
rications. Sublimation sandwich method (SSM) is a modified
sublimation technique which was introduced to grow single-
crystal SiC and GaN thick films [22-24]. The main feature of SSM is
the closer distance of about several millimeters between source and
substrate, which can intensify mass transport during the growth
of film [25]. For example, The SSM for growth of monocrystalline
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SiC was shown to be promising technique to obtain material with
significantly lower density of dislocations and micropipes [26]. In
particular, sufficiently thick (e.g. 1-2 mm) epitaxial layers of SiC
free from micropores and micropipes were obtained using the SSM.
Recently, the SSM had been successfully applied in synthesis of
III-V group nanowires e.g. GaN assisted by Au catalysts [27,28].
We deduced that the SST may be extended to fabricate some
II-VI semiconductor nanowires. Here, we reported a facile SSM to
fabricate ultralong zinc-blende ZnSe nanowires on the Au-coated
Si substrates. The microstructure and single nanowire related CL
properties of the ZnSe nanowires were investigated in detail and
presented some novel features on the ZnSe naowires.

2. Experimental

The container used here is a columnar graphite box with inner depth of about
30 mm. A hole with diameter 6 mm excavated in the lid of the box was used to place
Si substrates. On the wall of the box, two gaps with width of 12 mm and high of 6 mm
were excavated in order to introduce the desired protected atmosphere into the
growth cell. Au-coated Si (100) substrates without any pretreatment are used for
the growth of ZnSe nanowires. In the experiment, the Au-coated Si substrates were
supported by the lid. Commercial ZnSe powder is placed in the container as source
with a distance of about 25 mm upright away from substrates. Then, the growth cell
loading source and substrates were placed into an upright quartz chemical vapor
deposition system, forming an upright SSM configuration. After flushed with Ar flow
to remove the remaining air in the furnace, the whole system was heated to 800°C
and kept the peak temperature for half an hour under mixed Ar/H, atmosphere with
ratio9:1 at flow rate of 150 sccm. Finally the furnace was cooled to room temperature
and the deposits were taken out for further characterization.

The crystal structure of the product was analyzed using a rotating anode Rigaku
(Tokyo, Japan) D/max-2400 X-ray diffractometer with Cu Ko radiation. The mor-
phology of the product was characterized by Hitach (Tokyo, Japan) S-4200 field
emission scanning electron microscope (FE-SEM) equipped with energy-dispersive
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Fig. 1. (a) XRD patterns of the ZnSe nanowires; (b) EDS spectrum of the ZnSe
nanowires.

X-ray spectroscopy (EDS). The microstructure of the product was examined by trans-
mission electron microscopy (TEM, Philips CM 12 at 100kV) and high-resolution
TEM (HRTEM, Philips CM 12 at 200kV). The cathodoluminescence (CL) studies of
individual nanowire were performed in the scanning electron microscope equipped
with an Oxford Instruments MonoCL2 spectrometer at room temperature. The
focused electron beam was scanned over the surface, and the emitted light was
collected with a parabolic aluminum mirror and guided to the slit of a grating
monochromator. The working probe current is 200 pA for the CL measurement.

3. Results and discussion

The phase structure of the as-deposited product on Au-coated
Si substrates is first characterized by XRD, as shown in Fig. 1a. All
diffraction peaks can be indexed as (111), (220) and (311) on
the basis of zinc-blende ZnSe, and no other peaks from impurities
are detected. The lattice parameters of the deposit are calculated
to be a=5.676 A, well consistent with that of the standard cubic
ZnSe (ICDD-PDF No. 37-1463). The corresponding EDS spectrum
(Fig. 1b) reveals that the deposit mainly consists of Zn and Se ele-
ments, which further demonstrates that the deposit is zinc-blende
ZnSe with high purity. The overall SEM image (Fig. 2a) clearly shows
that the deposit consists of a large amount of straight nanowires
with length up to several tens of micrometers. The enlarged SEM
image of the deposit (Fig. 2b) indicates that the average diame-
ter of the nanowires is ca. 150 nm and each of them has a smooth
surface.

The microstructure of the deposits was further investigated by
utilizing TEM and high-resolution TEM (HRTEM). Fig. 3a shows TEM
image of an individual nanowire. The nanowire exhibits smooth
surface and a nanoparticle is found to attach on the tip of the
nanowire. The nanoparticle is identified as Au-Zn-Se alloy, reveal-

ing that the growth process is likely initiated by the well known
vapor-liquid-solid (VLS) mechanism. The corresponding EDS spec-
trum indicates that the nanowire is mainly composed of Zn and Se
elements, as shown in Fig. 3b. The atomic ratio of Zn and Se is about
0.993:1, close to the stoichiometric formation of ZnSe. The HRTEM
analysis (Fig. 3¢) and fast Fourier transform (FFT) (inset of Fig. 3¢c)
reveal that the nanowire is well crystalline and the growth direction
is determined to grow along [1 1 1]. No obvious bulk defects such
as stacking faults, dislocations and twining defects are observed.
Fig. 3d shows morphology of another individual nanowire, respec-
tively, similar to that of the nanowire shownin Fig. 3a. Nevertheless,
the corresponding HRTEM image (Fig. 3e) reveals high density
of stacking faults and dislocations, as can be further confirmed
by the streaks shown in the FFT patterns (inset of Fig. 3e). The
twinning defects are also observed. As indexed in Fig. 3f, the
growth direction is [11 1], and the planar twins are on the {021}
planes.

Fig. 4a shows the CL spectrum of the ZnSe nanowire with well
crystalline nature. It is comprised of two emission bands: a weak
green emission peak centered at 462 nm (2.68eV) and a broad,
strong green-red emission at 632nm (1.96eV). The weak green
emission is the characteristic of near band edge (NBE) emission of
ZnSe. The broad green-red emission band extending from around
500 to 750 nm is a typical deep defect (DD) related emission. From
the HRTEM image of the nanowires (Fig. 3c), no bulk defects such
as dislocations, stacking faults and twinning defects are observed.
So, we deduce that the origin of green-red emission is attributed to
the intrinsic point defects. The intrinsic point defects can be sim-
ply divided into four species: Se vacancy (Vse), Zn vacancy (Vz,), Zn
interstitial (Zn;), and Se interstitial (Se;). The experiment results
and theoretic calculations had concluded that Vs, is difficult to
exist in the ZnSe nanowires due to its high formation energy, and
Vzn and/or Zn; are the most probable point defects in the ZnSe
nanowires [29-31]. As confirmed by the EDS analysis (Fig. 3b), Se
atoms are a trace of excess in the ZnSe nanowires. So, Vz, and Zn;
are probably responsible for the DD related emission of the sto-
ichiometric nanowires. Vz, act as the acceptor species while Zn;
as the donor species. In the case, all carriers excited to the conduc-
tion band almost instantaneously decay to shallow donor levels and
recombine with acceptor states emitting photons corresponding
to donor-acceptor pair recombination mechanism, which finally
results in the broad, strong green-red emission band of the ZnSe
nanowires [30-33]. Fig. 4b shows the CL spectrum of another indi-
vidual nanowire with poor crystallization. It is found that a weak
NBE emission band centered at475 nm (2.61 eV) and two strong DD
related emission bands centered at 515 and 604 nm, respectively,
are detected in the poor crystalline nanowire. As confirmed by the

Fig. 2. (a) SEM and (b) enlarged SEM images of the ZnSe nanowires.
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Fig. 3. (a) TEM image of an individual ZnSe nanowire. (b) The corresponding EDS spectrum of the ZnSe nanowire. (c) HRTEM image of the ZnSe nanowire. The inset is the
corresponding FFT pattern. (d) TEM image of another individual ZnSe nanowire. The inset is the corresponding FFT pattern. (e) HRTEM image of the ZnSe nanowire.
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Fig. 4. CL spectra of an individual nanowire with (a) well crystalline nature and (b) high density of bulk defects.

HRTEM investigation (Fig. 3e), high density of dislocation, stacking
faults and twinning defects are observed in the nanowires, which
should be responsible for the two observed DD emission bands
[30,31]. These bulk defects act as deep defect donors and recombine
with acceptor states emitting phonons to form new energy level,
which results in the two unusual DD emission bands.

4. Conclusions

ZnSe nanowires with high purity have been synthesized using
Au as catalysts via a facile sublimation sandwich method. The
structural characterization reveals that ZnSe nanowires have
zinc-blende structure and the length is ultralong, up to tens of
micrometers. HRTEM investigations reveal that there are two types
of nanowires: well crystalline nanowires and crystalline nanowires
with high density of bulk defects such as stacking faults, disloca-
tions and twinning defects. The corresponding CL spectra indicate
a significant difference in optical properties of these two types
of nanowires. A weak NBE emission centered at 462nm and a
broad, strong green-red emission at 632 nm are observed in the
well crystalline nanowires. We deduce that Vz, and Zn; are the
main reason for the DD related green-red emission. Nevertheless,
three emission bands centered at 475, 515 and 604 nm, respec-
tively, are detected in the poor crystalline nanowires with highly
dense bulks defects. These bulk defects, e.g. stacking faults, disloca-
tions and twinning defects, should be responsible for the unusual
DD emission bands at 515 and 604 nm.
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