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Washboard belt-like zinc selenide (ZnSe) nanostructures are successfully prepared by a simple chemical vapor deposi-
tion (CVD) technology without catalyst. The phase compositions, morphologies and optical properties of the nanos-
tructures are investigated by X-ray diffraction (XRD), scanning electron microscopy (SEM), high-resolution transmis-
sion electron microscopy (HRTEM) and photoluminescence (PL) spectroscop, respectively. A vapor-liquid mecha-
nism is proposed for the formation of ZnSe belt-like structures. Strong PL from the ZnSe nanostructure can be tuned
from 462 nm to 440 nm with temperature varying from 1000 °C to 1200 °C, and it is demonstrated that the washboard
belt-like ZnSe nanostructures have potential applications in optical and sensory nanotechnology. This method is ex-
pected to be applied to the synthesis of other II-VI groups or other group’s semiconducting materials.
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Zinc selenide (ZnSe) is one of the most important 1I-VI
group semiconductors, and is widely used in short-wave-
length optoelectronics devices, high-density optical storage,
full-color displays, and so on!'. Controlling the size of
nanomaterials with specific microstructures may further
lead to the novel properties*”.

Many methods on the fabrication of ZnSe nanostruc-
tures were reported. Chen et al®® reported the synthesis
of well-aligned ZnSe nanotube arrays based on a re-
placement/etching method. Jiang et al® reported the
synthesis of ZnSe quantum dots by injecting Se mono-
mer at room temperature. Chen et al'” reported the
nano-needles for application in polymer/inorganic solar
cell, which was grown on catalyst-coated Si(100) sub-
strate through pulsed-laser deposition method. However,
those methods are expensive and complicated. In this
paper, we report a simple catalyst-free chemical vapor
deposition (CVD) technique to synthesize self-assembled
ZnSe nanostructures on graphite substrate.

Source materials of high pure ZnSe (99.99%) in an
alumina boat were placed in the center of heating zone of
a horizontal alumina tube furnace. After being cleaned in
piranha solution (30% H,0,/20% H,S0O,) and rinsed with
de-ionized water, the graphite wafer was placed down-
stream to act as the deposition substrates for materials
growth. The distance between the graphite substrate and
the source material is 15 cm. Prior to heating, the system
was evacuated and flushed with high pure Ar gas for 1 h
so as to eliminate oxygen. Then the furnace was heated

to 1000 °C, 1100 °C and 1200 °C, respectively, and those
temperatures were kept for 1 h. After the systems were
cooled down to 800 °C, 900 °C and 1000 °C, respec-
tively, those temperatures were kept for 1 h again. At last,
the systems were cooled down to room temperature un-
der a constant Ar flow rate of 50 sccm. The resulted
samples were obtained on the graphite wafer.

A Philips XL 30 FEG scanning electron microscope
(SEM) with an energy-dispersive X-ray spectroscope
(EDS) was used to observe the morphologies and ele-
mental compositions of the samples. An X-ray diffrac-
tion (XRD) meter (Japan Mac science) with Cu Ka ra-
diation was used to obtain phase compositions of the
samples. A JEOL 2010 transmission electron microscope
(TEM) was used to analyze the morphology and micro-
structure. The photoluminescence (PL) spectra were car-
ried out at room temperature with a Hitachi F-7000FL
spectrophotometer.

Fig.1 shows the typical SEM images of the sample 1
which was synthesized from 1000 °C to 800 °C. The
low-magnification image shown in Fig.1(a) reveals that
sample 1 is composed of some long washboard structures.
The corresponding high-magnification image shown in
Fig.1(b) shows that these products have an average width
of 3-5 um, and are composed of two parts: one part is
belt-like structure and the other is the shoulder-like
structure which is symmetrically distributed on the belts.
The corresponding EDS spectrum shown in the inset of
Fig.1(b) demonstrates that the nanostructure is made of
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Zn and Se with a composition close to ZnSe, except for
the slight excess of Se.

(b)

Fig.1 (a) Low-magnification SEM, (b) high-magnification
SEM and EDS pattern (inset) of the sample 1

Fig.2 shows the morphologies of sample 2 obtained
from 1100 °C to 900 °C. The substrate is covered with
long and dense washboard belt-like products. These
products are 10—15 pum in width, 100—150 nm in thick-
ness, and over 100 pm in length. The high-magnification
SEM image shows that some short nanorods grow in a
symmetrical pattern parallel to the surface of nanobelt.
The inset of Fig.2(c) gives an EDS pattern of sample 2. It
can be seen that there are mainly Zn and Se in the prod-
uct, and the quantitative analysis demonstrates that the
mole ratio of n(Zn)/n(Se) is about 51:49, which is close
to 1:1, i.e., the stoichiometry of ZnSe. The XRD pattern
of the sample 2 is shown in Fig.2(d). It indicates that this
product consists of ZnSe with wurtzite (JCPDS No.15-
0105 with a=0.399 nm and ¢=0.655 nm) and zinc blende
(JCPDS No.65-7409 with =0.573 nm) structures!'").
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Fig.2 (a) Low-magnification SEM, (b) high-magnification
SEM, (c) high-magnification SEM and EDS pattern
(inset), and (d) XRD pattern of the sample 2

Fig.3 shows the typical SEM images of sample 3 ob-
tained from 1200 °C to 1000 °C. The low-magnification
images shown in Fig.3(a) and (b) indicate that the sample
3 consists of a large quantity of serration belt-like nanos-
tructures with typical lengths of tens to several hundred
micrometers and widths up to 10 pm. The high-magnification
images shown in Fig.3(c) and (d) show that a small
number of short nanorods are perpendicular to the
growth direction of nanobelts, and the diameters of the
nanorods vary in the range of several hundred nanome-
ters. EDS spectrum shown in the inset of Fig.3(c) reveals
the presences of Zn and Se with an approximate mole
ratio of 6:4. Compared with Se, the boiling point of Zn is
higher, so the higher the temperature is, the more the
content of Zn is.

In addition, transmission electron microscopy (TEM)
images of individual ZnSe washboard belt-like structure
provide further insight into the structure of these materi-
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als. Fig.4(a) shows the TEM of a single nanobelt with a
width of 800 nm. Fig.4(b) shows the high resolution
TEM (HRTEM) image of the ZnSe nanobelt. The lattice
fringes between the adjacent planes are 0.325 nm and
0.304 nm, which correspond to the (002) crystal fringe of
wurtzite structure and (101) crystal fringe of zinc blende
structure, respectively.

(d)

Fig.3 (a,b) Low-magnification SEM, (c) high-magnification
SEM and EDS pattern, (d) high-magnification SEM of
the sample 3
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Fig.4 (a) TEM image and (b) HRTEM image of sample 3

Vapor-solid (VS) and vapor-liquid-solid (VLS) mecha-
nisms have been widely used to explain the formation of
one-dimensional structures!'"*!. In this paper, we con-
sider that the formation of ZnSe multiple-based struc-
tures can be enucleated by the VS mechanism. Therefore,
the chemical reaction employed in the synthesis of
washboard belt-like ZnSe nanostructures can be de-
scribed as

1
ZnSe <> Zn, +ESe2®. @))

Here we propose a growth mechanism for the washboard
belt-like ZnSe nanostructures, where the growth process
can be separated into four stages as shown in Fig.5.
Firstly, the hot ZnSe gases will decompose to generate
Zn gas and Se, vapor at high temperature, and then they
flow to the low temperature region (step A) with the Ar
carrier gas and react with each other to form zinc
blender-structured ZnSe belt structures (step B). Then,
with the decrease of concentration and temperature of
vapor, ZnSe particle seeds are formed over the surface of
the nanobelt structures. In the third step, Zn gas and Se,
vapor dissolve in ZnSe seeds continually, and small ZnSe
nanobelts precipitate out and grow (Step C) through the
“weed growth” model!"*. The structure of ZnSe crystal is
determined by the reaction temperature. For sample 1,
the temperature is low, so the products are zinc blende
structure. With the increase of temperature, a little wurtz-
ite ZnSe is formed on the surface of nanobelts. For sam-
ple 3, the high-density wurtzite ZnSe is formed on the
surface of nanobelts due to the highest temperature (Step
D).
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Fig.5 Schematic diagram of the formation process of
the washboard belt-like ZnSe nanostructures

The PL property of ZnSe materials is intricate because
it is sensitive to the synthetic conditions, crystal size and
shape. Fig.6 shows the PL spectra of sample 1, sample 2
and sample 3 at room temperature, which were investi-
gated by using He-Cd laser at 325 nm as the excitation
source. For sample 1, the intense peak at 466 nm is due
to the near-band-edge emission of cubic zinc blender-
structured ZnSe, which is in accordance with the previ-
ous reports!””l. A weak broad emission peak at 545 nm
can be detected, which is often connected with the doped
ion or defect state emission''®'”. For sample 2, the emis-
sion of the ZnSe nanostructures has a large blue shift
from the bandgap emission of the bulk materials (2.7 eV),
and the origin of this blue-shifted emission peak is usu-
ally attributed to the bound exciton emissions of some
hexagonal wurtzite-structured ZnSe (with a band gap of
2.874 eV)!'"*!% The PL emission intensity mainly results
from the recombination of excited electrons and holes?”,
and the recombination rate is determined by the reaction
temperature. The higher the reaction temperature is, the
lower the PL intensity is”*'.. For sample 3, the reaction
temperature is higher, so the lower PL intensity is ob-
served.
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Fig.6 PL spectra of the samples 1,2 and 3

In summary, washboard belt-like ZnSe nanostructures
are successfully synthesized using a simple CVD method.
The studies show that the morphologies of the products
can be well controlled by adjusting the reaction tem-
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perature. VS growth mechanism is proposed for the for-
mation of the washboard belt-like ZnSe nanostructures.
These washboard belt-like ZnSe nanomaterials exhibit
strong visible PL from 440 nm to 462 nm, and can serve
as important integrated nanoscale optoelectronic devices.
The method described here is of interest to commercial
production and can be used to synthesize other II-VI or
other group’s semiconductor micro/nanostructures.

References

[1] Qing Su, Lijuan Li, Shanying Li and Haipeng Zhao,
Materials Letters 92, 338 (2013).

[2] Guoying Feng, Chao Yang and Shouhuan Zhou, Nano
Lett. 13, 272 (2013).

[3] Juan Hao, Jianbang Zheng, Chunfeng Wang, Zengqi Xu,
Guangrong Wu and Chongde Cao, Journal of Optoelec-
tronics-Laser 23, 1780 (2012). (in Chinese)

[4] Charles M. Lieber, Nano Lett. 2, 81 (2002).

[5] Wanyong Li, Yanjun Han and Yi Luo, Journal of Opto-
electronics-Laser 23, 1042 (2013). (in Chinese)

[6] M. T. Bjork, B. J. Ohlsson, T. Sass, A. L. Persson, C.
Thelander, M. H. Magnusson, K. Deppert, L. R. Wallen-
berg and L. Samuelson, Nano Lett. 2, 87 (2002).

[7] S. Xiong, J. Shen, Q. Xie, Y. Gao, Q. Tang and Y. T.
Qian, Adv. Funct. Mater. 15, 1787 (2005).

[8] Lingling Chen, Weixin Zhang, Cheng Feng, Zeheng Yang
and Yumei Yang, Ind. Eng. Chem. Res. 51, 4208 (2012).

[9] Feng Jiang and Anthony J. Muscat, Langmuir 28, 12931
(2012).

[10] L. Chen,J. S. Lai, X. N. Fu, J. Sun, Z. F. Ying, J. D. Wu,
H. Lu and N. Xu, Thin Solid Films 529, 76 (2013).

[11]  Chin-Yu Yeh,Z. W. Lu, S. Froyen and Alex Zunger,
Phys. Rev. B 46, 10086 (1992).

[12] R. S. Wagner and W. C. Ellis, Appl. Phys. Lett. 4, 89
(1964).

[13] Xiangfeng Duan and Charles M. Lieber, J. Am. Chem.
Soc. 122, 188 (2000).

[14]  Christopher Ma, Daniel Moore, Jing Li and Zhong
L.Wang, Adv. Mater. 15, 228 (2003).

[15] Shigeo Fujita, Haruhiko Mimoto and Toru Noguchi, J.
Appl. Phys. 50, 1079 (1979).

[16] M. Klude and D. Hommel, Appl. Phys. Lett. 79, 2523
(2001).

[17]  Javed Mazher, Shweta Badwe, Ragini Sengar, Dhirendra
Gupta and R.K. Pandey, Physica E 16, 209 (2003).

[18] Q. Li, X. Gong, C. Wang, J. Wang, K. Ip and S. Hark,
Adv. Mater. 16, 1436 (2004).

[19] X.T.Zhang, K. M. Ip, Z. Liu, Y. P. Leung, Quan Li and
S. K. Hark, Appl. Phys. Lett. 84, 2641 (2004).

[20] X. Z. Li, F. B. Li, C. L. Yang and W. K Ge, J. Photo-
chem. Photobiol. A 141, 209 (2001).

[21] Jia-Guo Yu, Huo-Gen Yu, Bei Cheng, Xiu-Jian Zhao,
Jimmy C. Yu and Wing-Kei Ho, J. Phys. Chem. B 107,
13871 (2003).



