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One-step synthesis and enhanced blue emission of carbon-encapsulated
single-crystalline ZnSe nanoparticles
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Carbon-encapsulated ZnSe nanoparticles with diameters about 50 nm were synthesized by
noncatalytic one-step thermal evaporation method. The ZnSe cores have a wurtzite crystal structure.
The as-synthesized products are uniform and composed of single-crystalline ZnSe nanoparticles
enwrapped with polycrystalline graphite layers. The photoluminescence measurement of the
carbon-encapsulated nanoparticles shows that the blue emission enhances dramatically compared
with the naked ZnSe nanoparticles. This synthetic strategy might exploit a favorable route to
synthesize carbon-encapsulated semiconductor nanostructures, which are potentially important for

optoelectronic nanodevices. © 2006 American Institute of Physics. �DOI: 10.1063/1.2227964�
Since the first report of the nanocrystalline metal par-
ticles encapsulated by graphite layers, the filled nanocapsules
have drawn much attention in the past decade.1,2 Most of the
filled nanocapsule or the nanocrystalline encapsulated by
graphite layers researches are focused on the metal in bulk
form.3,4 It has been anticipated that these carbon-
encapsulated nanoparticles will have potential applications in
many fields such as magnetic data storage, magnetic toner in
xerography, and contrast agent in magnetic resonance
imaging.5,6

Selenides, as wide-band-gap II-VI semiconductor mate-
rials, have been studied extensively due to their wide appli-
cations in the fields of light-emitting devices, solar cells,
sensors, and optical recording materials.7–10 Among those,
ZnSe is a direct band gap semiconductor, with room-
temperature band gap energy and an emission at 2.8 eV,
which suggests that ZnSe is a potentially good material for
short-wavelength lasers and other photoelectronic devices.
Therefore, ZnSe is of great interest as a model material in
such forms as thin films, quantum wells, and bulk
crystals.11–14 In addition, ZnSe is of special interest as it
exhibits, via quantum confinement effects, tunable blue-
ultraviolet �UV� luminescence. The UV range is practically
unobtainable for cadmium-based systems such as CdSe, for
which the toxicity of cadmium represents an additional
disadvantage.15 ZnSe is one of the promising materials for
fabrication of light-emitting devices, such as blue-green laser
diodes, and tunable mid-IR laser sources for remote sensing
applications.16 ZnSe also has potential application in opti-
cally controlled switching due to its giant photoresistivity.17

Many methods have been used to synthesize ZnSe nano-
particles, such as surfactant-assisted chemistry method,18,19

sonochemical method,20 solvothermal route,21,22 and vapor-
phase synthesis.23 It is known that the nanoparticles tend to
interact with each other and easily oxidized. In the case of
carbon-encapsulated nanocrystals, the seamless outer carbon
layers or the onion structures that tightly surround the nano-
particles in the core may offer excellent protection to the
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encapsulated nanomaterials. Therefore, it is significant to
prepare carbon-encapsulated semiconductor nanoparticles,
which are potentially important for optoelectronic and mag-
netic nanodevices. Here, we report on the preparation of
carbon-encapsulated ZnSe nanoparticles from a one-step
noncatalytic thermal evaporation route. The synthetic reac-
tion was carried out in a quartz tube furnace using high pu-
rity Ar as carrier gas at 1100 °C; toluene and pure ZnSe
powders were used as the starting materials. In photolumi-
nescence �PL� spectra, an enhanced blue emission was ob-
served for the carbon-encapsulated ZnSe nanoparticles and
the orange emission was quenched after carbon coating on
ZnSe nanoparticles.

The carbon-encapsulated ZnSe nanoparticles were pre-
pared using a noncatalytic one-step thermal evaporation
route. In a typical experimental procedure, pure ZnSe pow-
der was loaded in a ceramic boat that was kept in the middle
of the ceramic tube. The ceramic boat was covered with a
quartz plate to maintain a higher vapor pressure and the ce-
ramic tube was inserted in a horizontal tube furnace. Prior to
heating, the system was flushed with high purity Ar �99.99%�
for 1 h to eliminate O2 and pumped down to 5�10−2 Torr.
Then, under a constant flow of high purity Ar gas �60 SCCM
�SCCM denote cubic centimeter per minute at STP��, the
furnace was rapidly heated up to 1100 °C �about 4 min�. At
this temperature, the toluene, which was used as a source of
carbon to coat the ZnSe nanoparticles, was injected into
quartz tube as reported earlier.24 The total quantity of toluene
injected in each run was 3 ml and the optimized flow rate of
the toluene is 0.1 ml/min. The whole system was kept at this
temperature for 3 h under a constant flow of argon. After the
system was cooled down to room temperature, a large piece
of gray-black, wool-like product was found on the inner wall
of the quartz tube at downstream end.

The morphology of the wool-like product was studied by
transmission electron microscopy �TEM� �JEM 200CX�. The
x-ray powder diffraction �XRD� pattern was recorded on an
MXP18AHF �MaC Science Co. Ltd.� x-ray diffractometer
with Cu K� radiation ��=1.541 78 Å�. Raman spectra were
obtained by illuminating the sample with the 514.5 nm line

+
of an Ar laser and 1 mW output power of a laser Raman
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scattering spectrometer �LabRAM HR, Jobin Yvon, France�.
Spectra of the carbon-encapsulated ZnSe nanoparticles were
recorded in the frequency range between 100 and 1800 cm−1.
The structural and elemental analyses of individual carbon-
encapsulated ZnSe nanoparticle were performed using high-
resolution TEM �HRTEM� �JEOL JEM-2010, 200 kV� and
energy-dispersive x-ray fluorescence spectroscopy �EDS�
�EDAX, DX-4� attached to the HRTEM. The PL measure-
ments were performed at room temperature using FLS 920
fluorescence spectrophotometer with a Xe lamp.

The typical XRD pattern of the as-synthesized carbon-
encapsulated ZnSe nanoparticles is shown in Fig. 1. The
analysis of the diffraction pattern indicates that the crystal-
lites exhibit predominantly wurtzite crystal structure. It
should be noted that �002� and �101� diffraction peaks from
graphite have been found.

Figure 2�a� shows a typical TEM image of as-
synthesized products. It can be seen that these nanoparticles
are uniform, quasispherical in shape with an average diam-
eter about 50 nm. A higher magnification TEM image in-
serted in Fig. 2�a� reveals that the as-synthesized products
show core-shell structure. The ZnSe nanoparticles are actu-

FIG. 1. XRD pattern taken from the synthesized products.

FIG. 2. TEM and HRTEM images of the carbon-encapsulated ZnSe nano-
particles. �a� A typical TEM image of the carbon-encapsulated ZnSe nano-
particles. The inset is a high-magnification TEM image of one carbon-
encapsulated ZnSe nanoparticle. �b� HRTEM image of a carbon-
encapsulated ZnSe nanoparticle. The insets are overview image �upper in
�b�� and SAED pattern �lower in �b�� of this carbon-encapsulated ZnSe
nanoparticle. �c� The interface HRTEM image of two combined carbon-
encapsulated ZnSe nanoparticles. �d� EDS spectrum of individual carbon-

encapsulated ZnSe nanoparticles.
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ally spherical or nearly spherical in shape with a layer of
carbons on the surface.

Figure 2�b� shows representative HRTEM image of a
carbon-coated ZnSe nanoparticle with a diameter around
50 nm. An overview image of the carbon-coated ZnSe nano-
particles �upper right inset of Fig. 2�b�� clearly shows a thin
carbon layer with thickness about 10 nm on the surface of
the ZnSe nanoparticle. The corresponding HRTEM image
�Fig. 2�b�� reveals that the ZnSe nanoparticles inside the
nanocapsules are structurally uniform and single crystalline.
The �100� atomic planes with an interplanar spacing of
0.32 nm and the �220� atomic planes with an interplanar
spacing of 0.20 nm are clearly shown. An interface HRTEM
image of two combined carbon-encapsulated ZnSe nanopar-
ticles is shown in Fig. 2�c�, which further confirms the re-
sults as Fig. 2�b�.

The selected area electron diffraction �SAED� pattern
�lower inset of Fig. 2�b��, taken from the area of the encap-
sulated nanoparticle, can be indexed as single-crystalline
ZnSe along the �100� and �110� zone axes. The diffuse ring
capped outside of the ZnSe nanoparticle can be indexed as
�002� reflections of graphite. The result of EDS �Fig. 2�d��,
which was recorded from different individual encapsulated
nanoparticles, indicates that the encapsulated nanoparticle is
carbon-encapsulated stoichiometric ZnSe calculated from the
quantitative analysis date within experimental error.

Figure 3 shows the Raman spectrum of the carbon-
encapsulated ZnSe nanoparticles. Four clear peaks at 203,
252, 1595, and 1350 cm−1 are obtained. The Raman peaks at
203 and 252 cm−1 are attributed to the transverse optic �TO�
and longitudinal optic �LO� phonon modes of ZnSe, respec-
tively. From previous reports, the LO phonon frequency of
single-crystalline ZnSe film is 254 cm−1 and that of single-
crystal ZnSe is 255 cm−1 at room temperature.25 For ZnSe
polycrystalline nanoparticles, the TO and LO phonon fre-
quencies are 210 and 255 cm−1, respectively, and both give a
broad Raman peak due to the high surface-to-volume ratio of
small particles. Compared to the results mentioned above,
the LO and TO phonon peaks of the carbon-encapsulated
ZnSe nanoparticles are both shifted toward lower frequency,
which is probably due to the effects of small size and high
surface area.

The relatively sharp and symmetric Raman peaks of the
ZnSe nanoparticles suggest that the ZnSe nanoparticles are
highly crystalline, which is in accord with the HRTEM ob-
servations described above. The peak at 1595 cm−1 may be a

FIG. 3. Raman spectrum of the carbon-encapsulated ZnSe nanoparticles.
mixture of E2g mode which is related to the vibration of
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sp2-bonded carbon atoms in a two-dimensional hexagonal
lattice. The peak at 1350 cm−1 is associated with vibrations
of carbon atoms with dangling bonds in plane terminations
of disordered graphite.26

Figure 4 shows the room-temperature PL spectra of the
naked ZnSe nanoparticles and the as-synthesized carbon-
encapsulated ZnSe nanoparticles. The naked ZnSe nanopar-
ticles display a weak blue emission band at about 450 nm
and a strong orange emission band at about 560 nm �Fig. 4,
curve a�. The weak emission corresponds to a band gap
emission of the ZnSe bulk, while the strong emission was
assigned to “self-activated” luminescence, probably as a re-
sult of some donor-acceptor pairs that are related to Zn va-
cancy and interstitial states, or associated with dislocations,
stacking faults, and nonstoichiometric defects.27,28 Compared
with the PL spectrum of the naked ZnSe nanoparticles, the
PL of the carbon-encapsulated ZnSe nanoparticles only has
one strong blue emission band at about 450 nm, while the
orange emission almost can be neglected, as indicated in Fig.
4, curve b. As the diameters of ZnSe cores are significantly
larger than the exciton Bohr diameter, the band gaps of the
cores should be similar to that of the bulk ZnSe materials.
Therefore, the band around 450 nm is due to the intrinsic
emission of ZnSe cores. But it is noted that the intensity of
the intrinsic luminescence peak increases remarkably. This
change of the PL intensity is attributed to the removal of the
electron capture centers on the surface of ZnSe cores and/or
the removal of nonradiative decay channels due to the carbon
shell.

The importance of the carbon-encapsulated ZnSe nano-
particles is not only the superior structure itself but also the
synthesized method of carbon-encapsulated semiconductor
nanostructures. The graphite layers can act as chemically in-
ert protecting layers for ZnSe nanoparticles. We also expect
to fabricate other morphological carbon-encapsulated nano-
structures, such as one-dimensional nanostructures, through
controlled experimental conditions. The graphite layers
might perform other beneficial effects on nanodevices, such
as enhanced stability, for example, of such carbon-
encapsulated nanowires against erode and disturb, when used
as nanocircuit.

In summary, carbon-encapsulated ZnSe nanoparticles
with diameters about 50 nm have been obtained through a
noncatalytic thermal evaporation method. The characteriza-
tions of structure show that the as-synthesized products are
composed of single-crystalline ZnSe nanoparticles capped
with polycrystalline graphite layers. PL measurements show

FIG. 4. PL spectra of the naked ZnSe nanoparticles and the carbon-
encapsulated ZnSe nanoparticles.
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that the blue emission of the as-synthesized carbon-
encapsulated ZnSe nanoparticles enhances dramatically. The
core/shell structure with polycrystalline carbon shell should
be responsible for this PL enhancement. This synthetic strat-
egy might be extended to synthesize other similar nanostruc-
tures, which are potentially important for optoelectronic
nanodevices.
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