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Hollow ZnSe microspheres were successfully synthesized by a simple chemistry vapor deposition method in
a horizontal tube furnace. The as-obtained samples were characterized by X-ray diffraction, field emission
scanning electron microscopy, transmission electron microscopy, and energy-dispersive X-ray spectrometry.
The growth mechanism of the ZnSe microspheres was discussed in detail, which can be addressed as the SO2

gas trap, expand, and burst during the deposition process. The morphology evolutions of the microspheres
were observed. The size, open mouth, surface state, and morphology of the hollow ZnSe microspheres could
be adjusted through changing the experimental conditions. Photoluminescence measurements show that the
as-synthesized hollow ZnSe microspheres exhibit strong blue emissions with the intensities being adjustable.
These hollow ZnSe microspheres may have promising applications in blue emitters, gas sensors, microreactors,
and catalyst carriers.

Introduction

ZnSe, which has a well-known wide, direct bandgap (Eg )
2.7 eV) semiconductor material, is a potentially good material
for short-wavelength photoelectronic devices, including blue
laser diodes (LDs), light-emitting diodes (LEDs), photodetectors,
high-density optical storage, and full-color displays.1–9 Control-
ling the size and dimensions of ZnSe may lead to further novel
properties. In recent years many groups have synthesized all
kinds of morphology of ZnSe with many methods, for example,
wires and ribbons,10–14 rods,15–18 sheets,19,20 core/shell,21,22

hollow spheres,23,24 etc. With the increasing development of
science and technology, the inorganic material hollow spheres
have shown a promising perspective in many fields, such as
catalysts, dyes or inks, coatings, filters, and microreactors for
their low densities, high surface areas, and unique optical,
electrical, and surface properties.25–27 The production of hollow
spheres of inorganic materials can be achieved via a number of
methods, including nozzle-reactor systems, emulsion/water
extraction techniques, template method, or hydrothermal.28–33

The methods mentioned above are mainly focused on solution
and template, which result in the complication of preparation.
In the solution environments, the conditions including temper-
ature, pH value, solvents, ionic strength, etc., which are hard
to control exactly, and the reaction are easily overcome, whereas
the template methods are extremely complicated, time-consum-
ing, and often break the hollow sphere during template removal.
Therefore, how to fabricate the hollow ZnSe spheres by
controlling size and morphology is still a challenge.

In this paper, we develop a simple chemistry vapor deposition
(CVD) route to fabricate the ZnSe hollow microspheres, which
have a remarkable photoluminescence (PL) property. The
intensity of the PL spectra can be adjusted through changing
the experimental conditions. The growth mechanism of the ZnSe
microspheres is discussed in detail, which can be addressed as

SO2 gas trap, expand,and burst during the deposition process.
More important, the morphology evolutions of the as-prepared
microspheres are observed. The size, open mouth, surface state,
and morphology of the hollow ZnSe microspheres can be
adjusted through changing the experimental conditions. These
hollow ZnSe microspheres may have promising applications in
blue emitters, gas sensors, microreactors, and catalyst carriers
due to their unique hollow structure.

Experimental Section

To synthesize the ZnSe hollow microstructures, a Si (100)
substrate (5 mm × 10 mm) was used. The substrate was cleaned
in a solution of Piranha (98% H2SO4:30% H2O2 ) 3:1, volume
ratio) and ethanol by ultrasonication 20 min and rinsed in
deionized water. An alumina boat containing 0.5 g of zinc oxide
powder (self-made), 0.6 g of zinc sulfide (self-made), 1.2 g of
Se powder (AR, SCRC. Lid), and the substrate, with a
downstream separation of 15 cm, was inserted into a horizontal
alumina tube with an inner diameter of 20 mm and a heating
zone of 200 mm. Prior to heating, the system was flushed with
high purity argon (99.999%) for 2 h to eliminate O2 and pumped
down to 5 × 10-2 Torr. Then an Ar flow of 50 standard cubic
centimeters per minute (sccm) was used as the carrier gas. The
furnace was heated to the reaction temperature of 1100 °C (or
1000 °C) in 30 min and maintained there for period of time.
After reaction, the alumina tube was cooled to room temperature
under Ar at a flow rate of 50 sccm. The substrate surface
appeared to be a layer of gray material.

The phase purity of the as-synthesized products was char-
acterized by X-ray powder diffraction (XRD), which was carried
out on an XRD-6000 (Japan) X-ray diffractometer with Cu KR
radiation (λ ) 1.54060 Å) at a scanning rate of 0.05 deg · s-1.
The morphology and structure were characterized by a field
emission scanning electron microscope (FESEM, Hitachi S-4800),
a transmission electron microscope (TEM, JEM 2010 F), and
an energy-dispersive X-ray spectroscope (EDS) attached to the
TEM. For the TEM observation, the products were dispersed
by sonication in alcohol, and the obtained solution was dripped
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on the TEM copper mesh. Photoluminescence (PL) experiments
were carried out on a FLS 920 fluorescence spectrophotometer.

Results and Discussion

The general morphologies of the obtained products are shown
in Figure 1a-d. It can be seen that large quantities of hollow
microspheres are formed on the Si substrate. The morphology
evolves from complete hollow microspheres to broken mouth
hollow microspheres with different times and temperatures of
reaction. There are also some ZnSe particles on the surface of
the hollow microspheres. The SEM images of the hollow
microspheres show that the diameters of the hollow micro-
spheres are ca. from 5 to 15 µm.

X-ray diffraction (XRD) analysis was used to determine the
phase purity of the microspheres. The corresponding XRD
patterns of the products in Figure 1 are shown in Figure 2, which
reveals that the peaks of the XRD patterns are identified to
originate from (111), (220), (311), and (331); all of the peaks

can be well indexed to the face-centered cubic ZnSe, with lattice
constants of a ) 5.63, which is in good agreement with the
reported data (a ) 5.633, in the JCPDS file, No. 70-0777).

A low-magnification transmission electron microscopy (TEM)
image (Figure 3a) of the typical microspheres after sonication
shows the hollow nature of the microspheres. Energy-dispersive
X-ray spectrometry (EDS) was also used to determine the local
chemical composition of the product. A typical EDS spectrum
(Figure 3b) indicates that the products mainly consisted of Zn
and Se, which confirms that the products are ZnSe. A relatively
weak oxygen peak in the spectrum probably originates from
the unavoidable surface adsorption of oxygen onto the samples
from exposure to air during sample processing since this material
exhibits a high surface-to-volume ratio. The quantification of
the peaks gives a ZnSe ratio of about 1:1, which is close to the
stoichiometry of ZnSe.

For a complete view of the formation process of the ZnSe
hollow microspheres and their growth mechanism, a time-
dependent morphology evolution study was conducted. Figure
4a-d shows the morphology evolution of the products obtained
at different deposition times at 1100 °C. As shown in Figure

Figure 1. The different morphology of products: (a) complete hollow microspheres; (b) small open mouth hollow microspheres; (c) half open
mouth hollow microspheres; and (d) broken mouth hollow microspheres.

Figure 2. A typical XRD pattern of the as-synthesized ZnSe hollow
microspheres: (a) complete hollow microspheres; (b) small open mouth
hollow microspheres; (c) half open mouth hollow microspheres; and
(d) broken mouth hollow microspheres.

Figure 3. (a) Low-magnification TEM image of the ZnSe hollow
microspheres; (b) EDX spectrum from one of the ZnSe hollow
microspheres.
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4a, when the deposition time is 30 min, the obtained products
are nearly integrated microspheres. Figure 4b shows the high-
magnification SEM image of Figure 4a, which reveals that the
products are microspheres, and some broken spheres demon-
strate that the obtained microspheres should be hollow. In
addition, we also found that the surface of the spheres is not
smooth with many particles on it. Figure 4c shows the products
with a deposition time of 45 min. It shows that the products
are hollow spheres with more spheres being broken. The

corresponding high-magnification images (Figure 4d) further
reveal the above results. It should be noted that there are still
some unbroken spheres among the products and the surfaces
of the spheres are slight smoother than those of the spheres in
parts a and b of Figure 4.

Figure 4e shows the SEM images of the products with a
deposition time of 60 min, which reveals that the products are
nearly half-hollow spheres with hardly any unbroken spheres
found among them. The corresponding high-magnification image

Figure 4. The morphologies of products with different deposition time at 1100 °C: (a and b) 30 min; (c and d) 45 min; (e and f) 60 min; and (g
and h) 120 min.
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(Figure 4f) shows that the surface of the spheres is much
smoother than those of the spheres in Figure 4c,d. When the
deposition time was longer, such as 120 min, the morphology
of the spheres is evolved further. As shown in Figure 4g, we
can see that the open mouth of the hollow spheres enlarged as
the deposition time increased and some hollow spheres con-
nected to each other. The corresponding high magnification is
shown in Figure 4h, which reveals that some hollow spheres
lose more than half-shell. In addition, parts g and h of Figure
4 also show that much fewer particles can be found on the
surface of the products than those of the above products. It is
obvious that as the deposition time increase, a more enlarged
mouth of the hollow spheres is obtained and the surface of the
hollow spheres becomes smoother and smoother.

For a better understanding of the growth model, we suggest
that the following aspects should be addressed (as shown in
Scheme 1).

First, the formation of the ZnSe might be illustrated by the
following reaction:

ZnS+ 2ZnO+ 3Sef 3ZnSe+ SO2 (1)

According to the reaction 1, ZnS, ZnO, and Se powders react
with each other to form ZnSe clusters accompanied by the
release of SO2 gas when the system is heated to a certain
temperature. The ZnSe clusters are carried onto the Si substrate
downstream by flowing Ar, and then deposited on the Si
substrate, forming nanometer-sized ZnSe particles on the Si
substrate, which is at a lower temperature. The existence of SO2

vapor in the process ensures that small nanoparticles can be
obtained, because only a small amount of ZnSe gas is
precipitated from the supersaturated gas downstream, which is
similar to the situation in the formation of SnO2/SiO2 nanor-
ings.34 Second, the melting point of the nanoscale materials will
be lower than that of the bulk. During the heating, ZnSe
nanopartilces become soft and then fuse together. Meanwhile,
SO2 present in the space between nanoparticles will combine
and be trapped inside the newly formed large ZnSe particles as
SO2 bubbles. When the reaction is over and the temperature
declines, the vapor is eliminated by the flowing Ar, and ZnSe
solidies to form the microspheres (as shown in Scheme 1, step
I). If the reaction time is short, the obtained products are nearly
integrated microspheres without broken holes in the shell. With
the prolongation of the deposition time, the SO2 inside the large
ZnSe particles will expand, and the hollow spheres will burst,
resulting in an open mouth at the top of each sphere, and the
open mouth enlarges as the deposition time increases (as shown
in Scheme 1, steps II and III). In addition, in the course of
temperature declining, the excessive product particles drop onto
the microspheres, so the surfaces of microspheres are not

smooth. With a prolongation reaction time, the particles will
fuse together for their lower melting point. The shorter deposi-
tion time makes the particles on the surface of the hollow
spheres have not enough time to fuse together so the surface of
the hollow spheres become smoother and smoother with the
prolongation of the deposition time.

To further observe the morphology evolution of the ZnSe
hollow microspheres, more experiments were performed. When
we reduce the reactants, lower the temperature, and shorten the
deposition time, the morphology of the products also changes.
Figure 5 shows the SEM images of the products obtained at
1000 °C with different deposition times.

Panels a and b of Figure 5 show the obtained products with
a deposition time of 20 min, which clearly shows that the
obtained products are sunken hollow microspheres with a
diameter of about 3 µm. The formation of the sunken hollow
microspheres should be followed as step IV in Scheme 1. We
can deduce that the shorter deposition time allows less SO2 to
be trapped inside the ZnSe particles, so the obtained spheres
are smaller than those of the products with the long deposition
time. The surface of ZnSe hollow microspheres is sunken
because of the contractive volume of the gas. In addition, from
the images, we can also find that the surface of the microspheres
is smoother than those of the products with the long deposition
time, for there are only a few excessive product particles
produced with a short deposition time.

When we further shorten the deposition time to 10 min, we
can obtain ZnSe rings and deflated spheres, as shown in panels
c and d of Figure 5. Because of the contractive volume of the
gas, in the lowest reactants and deposition time, some of the
hollow microspheres are sunken completely from the center to
form rings and some of them from different parts of the surface
to form complete deflated spheres, which also can be illustrated
with step V in Scheme 1. In addition, the diameters of the hollow
microspheres are also found to become smaller than those of
the previous products. In contrast to former experiments, at the
lower temperatures, the volume expansion of gas is reduced,
which results in the formation of small hollow microspheres.
Table 1 shows the effect of the experimental conditions on the
morphology of the final products.

The room temperature PL spectra (Figure 6) from the obtained
ZnSe hollow microspheres with different morphologies of
complete hollow microspheres, half open mouth hollow micro-
spheres, and broken mouth hollow microspheres have been
measured with use of an excitation wavelength of 340 nm.

The emission spectra reveal that the as-prepared ZnSe hollow
microspheres of different morphologies have two similar peaks,
a blue peak centered at 424 nm and a green emission at 500
nm. The strong emission around 424 nm is usually attributed

SCHEME 1: A Schematic Illustration of the Process for the Formation of ZnSe Hollow Microspheres
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to the band-edge emission of ZnSe. The weak emission around
500 nm may be assigned to “self-activated” luminescence,
probably as a result of some donor-acceptor pairs that are
related to Zn vacancy and interstitial states, or associated with
dislocations, stacking faults, and nonstoichiometric defects.35–38

Comparing the PL spectra of the different morphological ZnSe
hollow microspheres, we can find that with a change of the
morphology of the hollow microspheres, the absolute and
relative intensity of PL is obviously affected. When the
deposition time of the ZnSe hollow microspheres become longer,
the intensity of the 424 nm emission increases and the relative
intensity of the 500 nm emission decreases. The above results
should be attributed to the quality of the crystallization of the
products. The degree of the crystallization is usually interrelated
with the reaction time and temperature. For the complete hollow
ZnSe spheres, the deposition time is shortest among the obtained
products, which do not have enough time to crystallize
completely, and there are many defects in their structures.
However, for the broken mouth hollow microspheres, the

crystallization time is long enough, so the obtained products
are of good quality with fewer defects than those of complete
hollow microspheres and half open mouth hollow microspheres.
Therefore, the intensity of the band-edge emission increased
with the deposition time while the defect emission exhibited
the contrary trend. Additionally, the appearance of a peak at
424 nm indicates that ZnSe hollow microspheres may show blue
photoluminescence and can potentially be used as blue emitters.

Conclusions

In summary, hollow ZnSe microspheres about 5-15 µm in
diameter were prepared successfully by a simple chemistry vapor
deposition method in a horizontal tube furnace. The growth
mechanism of the ZnSe microspheres can be addressed as SO2

gas trap, expand, and burst during the deposition process. The
evolutions of the morphology of the microspheres are observed.
The size, open mouth, surface state, and morphology of the
hollow ZnSe microspheres can be adjusted through changing

Figure 5. The different morphology of products at 1000 °C: (a and b) different magnification SEM images of sunken hollow microspheres and (c
and d) different magnification SEM images of complete deflated spheres.

TABLE 1: The Relationship between Experimental
Reaction Conditions and Morphologies

a CT: Climbing time. b DT: Deposition time.

Figure 6. PL spectra of the ZnSe hollow microspheres: (line a)
complete hollow microspheres, (line b) half open mouth hollow
microspheres, and (line c) broken mouth hollow microspheres.
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the experimental conditions. The PL spectra of hollow ZnSe
microspheres with different morphologies reveal two similar
peaks at 424 and 500 nm. The intensity of the 424 nm emission
increases and the relative intensity of the 500 nm decreases
increases with the deposition time. These hollow ZnSe micro-
spheres may have promising applications in blue emitters, gas
sensors, microreactors, and catalyst carriers. The method
reported here might be exploited to fabricate microspheres of
other materials.
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