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a  b  s  t  r  a  c  t

ZnSe/ZnS  core/shell  nanocrystals  (NCs)  with  strong  photoluminescence  (PL)  intensity  and  improved  pho-
tochemical  stability  are  synthesized  through  a simple  water  bath  reflux  route.  Diffraction  peaks  can  be
indexed  by  zinc  blend  structure  of  ZnSe  and  ZnS.  Transmission  electron  microscope  (TEM)  images  reveal
vailable online 21 March 2011

eywords:
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that each  ZnSe  NC (27 nm)  is  coated  by  a ZnS  epitaxial  shell.  The  ZnS  shells  are  constitutive  of  crystalline
and  amorphous  ZnS  NC  film  with  average  thickness  of  5  nm  thick.  The  photoluminescence  of  ZnSe/ZnS
core/shell  NCs  is  also  remarkably  improved,  which  can  be approved  by the  PL  spectrum  and  laser-scanning
confocal  microscope  test.

© 2011 Elsevier B.V. All rights reserved.
ptical properties

. Introduction

Nanocrystals (NCs) are nanometer sized semiconductor crys-
als, which exhibit unique properties compared to the respective
ulk semiconductor materials. Capping NCs with heterogeneously
rganic or inorganic shells is an efficient strategy to optimize robust
hotochemical stability, surface functionality, and their photolu-
inescence (PL) quantum yields (QYs), which are the prerequisites

or applications in bio-imaging [1,2], light-emitting devices [3,4],
hotoeletrochemical and optoelectronic devices [5–8].

In recent years, main efforts have been devoted to prepare vari-
us core/shell NCs, such as CdSe/CdS [9],  CdSe/ZnS [10], CdSe/ZnSe
11], CdTe/CdSe [12], CdTe/CdS [13], PbSe/PbS [14], and to inves-
igate the influence of different shell materials on the emission
roperties of these NCs. The prevalent viewpoint is that a lattice
atching between shell and core materials is necessary to achieve

 better passivation and minimize the structure defects [15]. The
ptical parameters can be improved by the deposition of a pas-
ivating “shell” including larger gap semiconductor depositing on
he surface of a “bare” NC. Nonetheless, almost all core/shell NCs
re synthesized by organometallic precursors in organic media,

hile the aqueous synthesis of core/shell NCs is less reported.
omparing with organic ones, the aqueous synthesis of NCs is
ore reproducible, cheaper, and less toxic. ZnSe/ZnS core/shell
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NCs have attracted more researchers’ attention because of their
application in optoelectronic devices in the blue spectral region,
such as blue-light emitting diodes and blue injection lasers [16].
In this work, a simple water bath reflux synthesis route to prepare
ZnSe and ZnSe/ZnS NCs is acquired. The synthesis route is simple,
fast, low-cost and mass-productive. ZnSe/ZnS core/shell NCs are
stable against photochemical effect in the air for a long time. The
photoluminescence of ZnSe/ZnS core/shell NCs is also remarkably
improved.

2. Experimental details

2.1. Synthesis of ZnSe NCs

ZnSe NCs are prepared by a two-step method [17]. Typically, freshly prepared
KHSe solution is injected into the solution of Zn(NO3)2 after degassing with Argon
for  20 min  at 60 ◦C, then NaOH solution with high concentration (15 mol/L) is added.
The crude solution is transferred into a Teflon-lined autoclave and kept at 150 ◦C for
6  h to obtain yellow ZnSe NCs.

2.2. Synthesis of ZnSe/ZnS NCs

ZnSe/ZnS core/shell NCs are prepared by water bath reflux at 80 ◦C for 4 h. Typ-
ically, 30 mL  of a aqueous solution containing freshly prepared OH-capped ZnSe NC
cores was mixed with 0.002 mol  of Zn(NO3)2 in a three-neck flask. After ultrasonic
dispersion for 20 min, an amount of thiourea solution was injected. Immediately,
the suspension is refluxed with vigorously stirring at 80 ◦C for 4 h. Finally, the color
of the solution changed to light-yellow, it indicates the formation of ZnS shells.
2.3. Phase composition of the samples was identified by a Rigaku D/max-2400
X-ray diffraction (XRD) using Cu K  ̨ radiation

The microstructure of the samples was studied by a JEOL JEM-3010 transmission
electron microscope (TEM) operating at 300 kV and corresponding selected area

dx.doi.org/10.1016/j.jallcom.2011.03.070
http://www.sciencedirect.com/science/journal/09258388
http://www.elsevier.com/locate/jallcom
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Fig. 1. XRD patterns of original ZnSe and ZnSe/ZnS NCs.

lectron diffraction (SAED). Linear optical absorption spectra were measured by
ASCO V-570 UV–vis-NIR spectrometer at room temperature. Photoluminescence
xperiments were performed with fluoroSENS 9000 system and Leica TCS sp5 laser-
canning confocal microscope.

. Results and discussion

The crystalline structures of ZnSe and ZnSe/ZnS NCs were char-
cterized by XRD analysis. As shown in Fig. 1, the original ZnSe NCs
how a cubic zinc blend structure (JCPDS 37-1463). However, the
iffraction peaks of ZnSe/ZnS core/shell NCs move towards large
ngles, which locate between the diffraction peaks of original ZnSe
nd the cubic zinc blend ZnS phase. It means ZnSe/ZnS NCs are the
ntermediate substance between these two original compounds. No
eparate diffraction peak of ZnS is observed and similar XRD results
ave been reported by Yang et al.’s work [18]. In order to clarify
hese diffraction peaks, the suspension was sealed in a Teflon-lined
utoclave and heated at 100 ◦C for 6 h. The main diffraction peaks
nd weak diffraction peaks indicate cubic zinc blend structure of
nSe and ZnS NCs (JCPDS 05-0566) in Fig. 2, respectively. Separate
nS peaks are more clearly observed than before (Fig. 1) because
nS has good crystallization through the hydrothermal treatment.
Figs. 3 and 4 show TEM and HRTEM images of ZnSe and ZnSe/ZnS
ore/shell NCs synthesized by hydrothermal method at 150 ◦C for

 h and water bath reflux at 80 ◦C for 4 h. The images further reveal
he difference between ZnSe and ZnSe/ZnS NCs. The grain size of

ig. 2. XRD patterns of ZnSe/ZnS core/shell NCs treated by hydrothermal method
t  100 ◦C for 6 h.
Fig. 3. (a) TEM and (b) HRTEM images of ZnSe NCs synthesized by hydrothermal
method at 150 ◦C for 6 h.

ZnSe NCs growing at 150 ◦C for 6 h is about 25 nm,  which is close to
27 nm calculated by Scherrer formula (Fig. 1). The interfacial spac-
ing is 3.2 Å, corresponding to (1 1 1) crystalline face of the ZnSe NCs
and being in accordance with the lattice parameter of 3.272 Å which
is obtained from XRD card. As for ZnSe/ZnS NCs, the size of ZnSe
core is about 25 nm,  which is consistent with the original ZnSe NCs
in Fig. 4. Some spherical ZnS NCs (∼5 nm)  are distinctly observed
on the surface of ZnSe core. The ZnS shells are constitutive of crys-
talline and amorphous ZnS NC film with average thickness of 5 nm
thick.

Fig. 5 presents the typical UV–vis absorption of the original ZnSe
NCs and ZnSe/ZnS core/shell NCs. The optical absorption of ZnSe
NCs has a feature at 450 nm,  while ZnSe/ZnS core/shell NCs has
one at 460 nm.  Compare with ZnSe NCs, ZnSe/ZnS core/shell NCs
demonstrate a red shift (10 nm)  in absorption. This phenomenon
is caused by extensive delocalization of the electron into the sur-

rounding shell and has been previously observed during CdSe/CdS
preparations [19].

Fig. 6 shows the room-temperature PL spectrum of ZnSe and
ZnSe/ZnS core/shell NCs (�ex = 419 nm). The band-edge emission
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Fig. 4. (a and b) HRTEM images of different ZnSe/ZnS core/shell NCs by water bath
reflux at 80 ◦C for 4 h.

Fig. 5. Absorption spectra of ZnSe and ZnSe/ZnS core/shell NCs by (a) hydrothermal
method at 150 ◦C for 6 h and (b) water bath reflux at 80 ◦C for 4 h.

Fig. 6. The room-temperature PL spectra of ZnSe and ZnSe/ZnS core/shell NCs by
(a)  hydrothermal method at 150 ◦C for 6 h and (b) water bath reflux at 80 ◦C for 4 h.

Fig. 7. The room-temperature laser-scanning confocal images of (a) ZnSe and (b)
ZnSe/ZnS core/shell NCs.



d Com

i
c
Z
o
h
i
p

c
u
w
(
I
f
t

4

t
u
a
o
D
h
s

A

t
(
t
C

[

[

[

[

[

[
[

[

[

Z. Lin et al. / Journal of Alloys an

s centered at 476 nm.  The low-emission is most probably asso-
iated with the vacancies of Zn in ZnSe, or impurities [20]. The
nSe/ZnS core/shell NCs emission intensity increases dramatically,
wing to the better-passivated NCs surface and localization of the
oles in the core region [21]. Furthermore, the increase in emission

ntensity also confirms the formation of ZnS shell and electronic
assivation of ZnSe NCs surface.

In order to investigate the PL character of ZnSe and ZnSe/ZnS
ore/shell NCs further, the laser-scanning confocal microscope was
sed to obtain the room-temperature PL images (�ex = 425 nm),
hich is showed in Fig. 7. The ZnSe NCs radiate faint blue light

Fig. 7a), while ZnSe/ZnS core/shell NCs radiate brighter blue light.
t is indicated that the intensity of ZnSe/ZnS core/shell NCs emission
eature increases dramatically, which corresponds with PL spec-
rum (Fig. 6).

. Conclusions

Cubic blend ZnSe nanocrystals (NCs) were prepared through by
wo steps method. In addition, ZnSe/ZnS NCs have been synthesized
sing a simple water bath reflux route. The diameter of ZnSe NCs is
bout 25 nm.  The average thickness of ZnS shell is 5 nm.  The phase
f ZnS shell is constitutive of crystalline and amorphous structure.
ue to the better-passivated NCs surface and the localization of
oles in the core region, the intensity of emission feature increases
ignificantly for ZnSe/ZnS core/shell NCs.
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