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In this study, free standing crystalline ZnSe nanorings and nanowires have been fabricated on Au
coated Si substrates by simple thermal evaporation of ZnSe powders. Ring- or wirelike morphology
can be achieved in a controllable manner by using different reactor pressures during growth, while
all the other conditions remain the same. Our results show that the ZnSe nanorings are wurtzite
phase instead of the zinc-blende phase, observed in typical one-dimensional ZnSe nanostructures.
The growth mechanism of the nanorings has been discussed, and the cathodoluminescence of the
nanorings has been described. © 2006 American Institute of Physics. [DOL: 10.1063/1.2200155]

Semiconductors in quasi-one-dimensional (1D) forms
have attracted a large amount of interests in the past decade
due to their potential applications. They are considered to be
ideal building blocks of functional nanoscale devices.' Con-
siderable efforts have been devoted to the synthesis of 1D
elementary and binary semiconductors. The catalytic growth
method is one of the popular methods to synthesize 1D
nanostructures based on the well-known vapor-liquid-solid
(VLS) mechanism.”> Growth techniques such as thermal
evaporatlon 3 metal organic chemical vapor deposition
(MOCVD) solvothermal process,” and molecular beam
epltaxy (MBE) have been utilized to fabricate various types
of 1D nanostructures such as wires,’ tubes,® coaxial cables,’
and belts."” Recently, a r1n%hke nanostructure has been
reported by Kong and Wang.

ZnSe is an important wide-band-gap II-VI semiconduc-
tor for applications in short-wavelength optoelectronic de-
vices such as blue laser diodes, light-emitting diodes (LEDs),
photodetectors,'z_ 4 and window materials in the field of
photovoltaics.15 ZnSe can also be combined with other II-VI
semiconductors such as ZnO taking the advantage of carrier
transfer between two binary II-VI semlconductors with dif-
ferent energy levels for dev1ce appl1cat1ons Recently,
7ZnSe nan0w1res, 18 nanobelts, and ZnSe nanorods on in
situ synthesized ZnSe grains20 have been reported. However,
most of the reports on ZnSe nanostructures were focused on
the zinc-blende structure, only a few on 1ts wurtzite counter-
part yet without detailed explanatlon.19 Here, we show the
controlled growth of wurtzite ZnSe nanorings by simple ther-
mal evaporation through changing the reactor pressure. The
formation of the wurtzite phase and growth mechanism of
the nanorings will be discussed.

Y Author to whom correspondence should be addressed; electronic mail:
chchoy @eee.

0003-6951/2006/88(18)/183110/3/$23.00

88, 183110-1

The rings were grown in a tube furnace. About 0.5 g
ZnSe powder (99.99% Sigma Aldrich) was placed in an alu-
mina boat, and the boat was then loaded to the center region
of the furnace. A cleaned Si(100) substrate, with ~5 nm
thick Au sputtered on it, was placed about 30 cm down-
stream from the ZnSe source. The system was then evacu-
ated for 30 min and purged with the carrier gas (95% Ar
+5%H,) at a rate of about 400 SCCM (SCCM denotes cubic
centimeter per minute at STP) for 1 h to remove the residual
oxygen. After that, the flow of the carrier gas was kept at
200 SCCM throughout the growth. The furnace were then
heated up to 950 °C and maintained at this temperature for
30 min. Various pressures were used to synthesize the nano-
structures. After the growth, the system was cooled gradually
to room temperature. A bright yellow colored product was
obtained on the Si substrate after the growth.

The as-synthesis samples were characterized by trans-
mission electron microscopy (TEM, JEOL 2010), field emis-
sion scanning electron microscopy (FE-SEM, LEO 1530)
equipped with an energy dispersive x-ray spectroscopy
(EDX), x-ray diffraction (XRD, Rigaku RU-300 with Cu K«
radiation), and cathodoluminescence (CL) system attached
to SEM.

Figure 1(a) shows the SEM image of an as-synthesis
sample grown at 0.2 torr in low magnification. It can be seen
that ringlike structures have been grown. Figure 1(b) shows
the higher magnification SEM image of a typical ring. It can
be observed that the ring is formed by a close-loop belt. The
rings usually have diameters of about few microns. The typi-
cal thickness of the rings is about 50— 100 nm. We find that
the formation of the rings is sensitive to the growth pressure.
When the growth is held at a pressure higher than or equal to
10 torr, zinc-blende structured nanowires (see Fig. 2) are
grown instead of rings. The zinc-blende structure is con-
firmed by XRD as shown in the inset of Fig. 2. EDX analy-
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FIG. 1. (a) SEM image of the as-synthesis sample. Ringlike structures were
grown. (b) Enlarged image of a typical single ring. (¢) EDX spectrum of the
nanorings.

ses of the rings have been conducted to study the composi-
tion of the rings and a typical spectrum is shown in Fig. 1(c).
The results confirm that the rings are composed only of Zn
and Se with a ratio about 1:1. The Si peak comes from the Si
substrate. Meanwhile, selected area electron diffractions
(SAEDs) have been investigated in TEM. Figure 3 shows a
TEM image of a single ring. The insets are the SAED pat-
terns of the corresponding regions of the ring as marked in
the figure. The electron diffraction images indicate that,
along the entire perimeter, the belt is bounded by (0001),

(1120), and (1100) facets that the radial direction of the ring
is always [0001], where the circular plane of the ring is
[1120].

While ZnSe 1D nanostructures with zinc-blende struc-
ture have been widely reported, our results showed that ZnSe
1D nanorings with wurtzite structure have been synthesized.
The wurtzite-zinc-blende (W-ZB) polytypism is common in
compound semiconductors. Frequently, ZnSe exists in zinc-
blende structure as stilleite in natural mines,21 while the
wurtzite structure of ZnSe is a metastable phase. However,
since there is only a small energy difference between the W-
and ZB-ZnSe (~5.3 meV/atom),”> W-ZnSe can also be
grown under suitable conditions. For example, Li et al. re-
ported that a hexagon phase were found in ZnSe nanowires
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FIG. 2. Zinc-blende structured nanowires grown at 100 torr. The inset is the
XRD pattern of the nanowire, only ZnSe zinc-blende peaks present.
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FIG. 3. (a) TEM image of a single ring. The insets are the SAED patterns of
the corresponding regions of the ring as marked in the figure. (b) TEM
image of a nanobelt forming the ring, the upper inset is the SAED taken at
the center of the belt and the lower inset is the structure model of the ZnSe
nanobelt.

grown at 1100 °C,” while Jiang et al. reported the fabrica-
tion of wurtzite ZnSe nanoribbons."® Li suggested that the
existence of hexagonal phase might probably be a result of
high deposition temperature. Jiang briefly indicated that the
formation of the hexagonal phase ribbons was started from
the ZnSe nuclei which nucleated on bare Si substrate and
continued to grow via the vapor-solid (VS) mechanism. In
our work, we find that the growth pressure is a critical
parameter for the formation of the W—ZnSe.

The formation of either the ZB or W structure depends
on which type of nuclei dominates the substrate during
nucleation. SAED measurements have been conducted in or-
der to confirm the structure of the samples grown at 0.2 torr.
In all the measured samples, only the W-structured ZnSe is
observed. We therefore conclude that the growth under lower
reactor pressure favors the formation of wurtzite structured
nuclei and hence the formation of the wurtzite structured
rings as shown in Fig. 1. This phenomenon can be under-
stood according to the Ostwald’s step rule®* which describes
that, under certain growth conditions, the metastable phase
(i.e., the wurtzite phase in our case) would nucleate with a
higher nucleation rate than that of the stable phase (i.e., the
zinc-blende phase in our case). The Ostwald’s step rule can
be satisfied if the following condition holds:**

AMW[ blﬂ Um Um
where Au is the supersaturation, b is the geometric factor, o

is the surface energy, and v is the molecular volume. The
subscripts s and m denote the stable and the metastable
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FIG. 4. (a) CL spectrum of the nanoring; (b) SEM image of a typical
nanoring; (c) CL image of the nanoring.

phases respectively. Since Ap(,)=(kT)In[P/P,], the left
hand side of Eq. (1) can be expressed as

A P P
Sl | +1n(—’") ln<—>, )
AMW[ PX Pm

where T is the temperature, k is the Boltzmann constant, and
P is the vapor pressure of the source material (i.e., ZnSe in
our case). P,, and P, are the equilibrium vapor pressure of
the metastable and the stable phases, respectively. In our ex-
periment, when the total reactor pressure increases, the
evaporation rate of ZnSe powder reduces. Therefore, the va-
por pressure of the ZnSe (P) decreases and, according to Eq.
(2), (Apy/Ap,,) increases. For a given phase, b, o, and v are
constant. Therefore, as the reactor pressure decreases, the
Ostwald’s step rule is more probable to take place as Eq. (1).
As a result, the metastable phase is more favorable to nucle-
ate under a low reactor pressure which agrees with our
experimental observations.

Once W—ZnSe nuclei were formed, nanobelt would then
grow via a VS mechanism.'® The growth of the ZnSe nano-
ring can be understood by the electrostatic polar charge
model proposed by Kong and Wang.11 The wurtzite ZnSe
crystal is described as alternating stacking of positively
charged Zn and negatively charged Se ions along its ¢ axis.
As aresult, a dipole moment is set up due to the formation of
positively charged Zn-terminate and negatively charged Se-
terminate faces. In our case, the dipole moment is generated
between the opposite sides of the nanobelts. In order to mini-
mize the electrostatic energy of the entire system, the nano-
belts will tend to coil up and neutralize the dipole moment by
symmetric charge distribution. !

Figure 4 shows the CL spectrum, image, and the SEM
image of a ZnSe nanoring. The CL peak at ~2.7 eV corre-
sponds to the band edge transition of ZnSe, while the emis-
sion with energy brand centered at ~2.1 eV can be referred
to the self-activated (SA) emission. It has been reported that
the low energy brand could correspond to the dopants of Ga
and P2 However, it is not likely to be our case because our
process has not utilized such dopants. The low energy brand
can be resolved into two Lorentzian spectra as shown in Fig.
4(a) by gray lines. The peaks of the two Lorentzian spectra
are ~2 and 2.2 eV. N and N, doped ZnSe had the emission
at 2.05 eV.? However, since an ion implantation method
was used to dope N and N, into ZnSe in reference.”® the
emission could be due to the defects created by the implan-
tation and may not be the effects of the dopants themselves.

Appl. Phys. Lett. 88, 183110 (2006)

An excess of Zn in ZnSe will result in the emission at
2.03 eV (Ref. 27) which can be used to explain the emission
centered at 2 eV in our case. Concerning the emission at
2.2 eV, it can be explained by the dislocation, stackin
faults, and nonstoichiometric defects reported in reference.”

In conclusion, wurtzite structured ZnSe nanorings have
been fabricated. The formation of the metastable wurtzite
phase is discussed and it is explained by the favorable nucle-
ation of the metastable hexagonal phase under the Ostwald’s
step rule. The electrostatic polar charge model is used to
explain the formation of the nanorings. The CL of the ZnSe
nanorings with the band edge transition peak and broad
emission at lower energy has been obtained.
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