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In this letter, the authors directly observed the zinc-blende �ZB� ZnO core in the initial formation of

wurtzite �WZ� ZnO tetrapods. The formation of the wurtzite �011̄3� twined nanowires is proposed
based on the ZB core. Simple bonding density calculation shows that the wurtzite nanowires with

�011̄0� side surfaces have the lowest surface energy. A favorable choice of WZ phase over ZB when
forming nanostructures is likely to be a result of surface energy minimization. This could be the
reason that ZnS nanowires take WZ rather than ZB. © 2007 American Institute of Physics.
�DOI: 10.1063/1.2722671�

Nanowires and nanobelts of the most common semicon-
ductors, such as ZnO, ZnS, CdSe, and CdS, can be synthe-
sized by various techniques.1–3 These materials can be cubic
zinc blende �ZB� and hexagonal wurtzite �WZ�, in which
each atom is tetrahedrally coordinated by atoms of the oppo-
site species.4 The close-packed planes stack in ABCABC se-
quence in the ZB structure and ABAB in WZ structure.5 The
stability of WZ as compared to ZB is closely related to the
deviation of the c /a lattice-parameter ratio from the ideal
value of 1.633 for close-packed hexagonal.6 Theoretical
calculations6–8 show that the Madelung constant for ideal
WZ configuration is about 0.2% larger than that of ZB, so
that the strong ionic compounds favor WZ. It is a well
known fact that ZnO crystallizes in the WZ structure under
normal pressure,9 and the metastable ZB structured ZnO can
be formed in epitaxial thin films,10 but freestanding ZB nano-
structures of ZnO, such as nanowires and nanobelts, have
never been found.

The ZB phase has been found as the nucleus in the ini-
tiation of some nanostructures of ZnS, CdSe, CdS, and
MnS,11–15 but it is rather unstable and quickly transforms
into the WZ phase once the crystal becomes bigger. The
synthesis of ZnO tetrapods has been reported by many
groups.16–21 Three different growth mechanisms have been
proposed about the formation of the ZnO tetrapods. One is
based on the assumption of the existence of a ZB structured
core at the center;17 the second one is built upon the octahe-
dral multiple twin structure;19 the third one is that the ZB-
type nucleus only exists in the high-temperature tetrapods
and will degenerate to multiple twins after cooling down to
room temperature.18 Due to the lack of experimental evi-
dence about the existence of ZnO ZB phased core, the tetra-
pod formation mechanism is still under debate.

In this work, by applying transmission electron micros-
copy �TEM�, we give the direct experimental evidence of the
existence of ZnO ZB core in our tetrapod nanoparticles.
Based on the tetrapod structure, the polarization configura-

tion of the wurtzite �011̄3� twins has been proposed. Finally,

we will explain the stability of the one-dimensional wurtzite
nanostructures from the requirement of minimization of sur-
face energy.

Tetrapod nanostructures have been found in ZnO, CdTe,
CdS, ZnS, ZnSe, and CdSe.11–21 TEM studies have directly
given the evidence of the presence of ZB nucleus in the
center of those tetrapod particles for all these materials ex-
cept ZnO.11–21 Due to the strongest ionic bonding of ZnO
among the group, its most stable and most common phase is
WZ. The only available evidence about the existence of ZB
ZnO was derived from IR spectra.22

In the current study, the tetrapods were synthesized by a
typical thermal vapor deposition process and were deposited
on a polymer decorated Si substrate. The inset in Fig. 1�a� is
a low-magnification TEM image of the ZnO tetrapods with
each leg �2 �m in length and 100–200 nm in width. The
center part of the tetrapod is too thick to be clearly imaged
by TEM. To overcome this problem, we have tried to exam-
ine the tetrapod with only two legs left. The bright-field and
dark-field TEM images for such a case are displayed sepa-
rately in Figs. 1�a� and 1�b�. The selected-area electron dif-
fraction pattern recorded from the two legs and connecting
areas is displayed in Fig. 1�c�. Besides two sets of well-

defined WZ �2̄110� diffraction patterns, the extra diffraction
spots can be uniquely indexed as the ZB �011� diffraction
pattern. It is clear that the ZB phase does exist at the core of

the ZnO tetrapod. If one of the WZ legs grew along the �1̄1̄1�
ZB axis, the second leg could be considered along the �1̄11̄�
axis.

The existence of ZB core can be further confirmed by
high-resolution TEM �HRTEM� image shown in Fig. 2,
which was recorded from the leg intersecting area in
Fig. 1�a�. The size of the ZB core is around 30 nm. The
matched plane between the ZB core and left WZ leg has

been indexed as �1̄11̄� � �0001�. The ZB core particle is a half
octahedron. The two WZ legs grow epitaxially from the two
triangle-shaped side surfaces of the ZB core. A sketch of the
two-leg tetrapod is inserted in Fig. 2. The lattice distortion
and stacking faults can be identified in the HRTEM image,
which indicates a large strain located in the ZB core. The
high density of stacking faults was produced due to a change
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in stacking sequence from ABC to AB or AC during the
phase transformation from ZB to WZ.

The existence of the ZB core indicates that, at least for
the samples we are studying, the ZnO tetrapod can take a
similar growth mechanism as that for CdTe, CdS, ZnS, ZnSe,
CdSe, and MnS systems. A seed nucleates in ZB phase with
an octahedral shape. The exposed eight surfaces can be clas-

sified into two groups with positive and negative charged
ions exposed at the surfaces. Like in ZnO, the positive Zn2+

ion charged surfaces include �111�, �1̄1̄1�, �11̄1̄�, and �1̄11̄�;
their surface normal directions are shown in Fig. 3�a�. The

negative O2− ion charged surfaces include �1̄1̄1̄�, �111̄�,
�1̄11�, and �11̄1�. Figure 3�b� is the ZB atomic model pro-
jected along the �011� direction. If considering the dark-blue

atoms as Zn and yellow atoms as O, the �1̄11̄� and �1̄1̄1� are
Zn-terminated positively charged planes. Due to the self-
catalysis effect of the cation-terminated surfaces,23 the four
positive charged surfaces can serve as the fast growth fronts
to form the four legs of the tetrapod structure. It has been
found that the legs of the tetrapods usually take WZ phase,
which will be discussed toward the end.

It is noticeable that the size of ZnO ZB core shown in
Fig. 1 is just 1 /4–1/5 of the width of the WZ legs. The two
legs have a large contacted area at an angle of�108°, which
means that there is a higher energy interface between the two
WZ legs. A small rotation between the two legs could lower
the interface energy, and then a WZ twin structure may be

formed. Figure 4 is a HRTEM image of a ZnO �011̄3� twin
structure.24 The inset is the fast Fourier transform of the HR-
TEM image. The interface plane can be uniquely identified

as �011̄3�. The c axis of the WZ ZnO is a polar direction, and
the positive direction of the c axis is defined as the head
and −c is the tail. If we arbitrarily choose the positive c axis

FIG. 1. �a� Bright-field and �b� dark-field TEM images of a two-legged ZnO
tetrapod structure. The inset is a bright-field TEM image, showing a perfect
ZnO tetrapod. �c� The selected-area electron diffraction pattern of the tetra-
pod in �a�.

FIG. 2. The HRTEM image from the rectangle area in Fig. 1�a�. The inset is
a schematic model about the structure of the two-legged tetrapod.

FIG. 3. �Color online� �a� Sketch of the four equivalent directions �111�,
�1̄1̄1�, �11̄1̄�, and �1̄11̄� for the cubic ZB structures. �b� The atomic model of
ZB structure projected along the �011� direction.

FIG. 4. HRTEM image of a �011̄3� twin ZnO nanowire; the inset is the
diffractogram of the HRTEM image.
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on each side of the twin plane, we have three polarization
configurations, head to head, tail to tail, and head to tail,
whereas the head and tail directions correspond to the posi-
tive and negative c axes, respectively. The angle between the
c axes of the two parts of the twin is around �116.7° �head
to head and tail to tail� or 63.3° �head to tail�. Looking back
to Figs. 1 and 2 again, the fast growth direction of the legs is
along the positive c axis. Therefore, it can be considered that
the two legs of the broken tetrapod in Figs. 1 and 2 are in
tail-to-tail configuration. The angle between the two legs
is �108° as we measured from the diffraction pattern. Com-
paring the HRTEM images in Figs. 2 and 4, it is reasonable

to choose the tail-to-tail configuration for the �011̄3� twin
structure. The two WZ legs of the tetrapod just need to rotate

�9°, and then the �011̄3� conjugated plane for the �011̄3�
twin is a favorable interface of choice.

The most stable bulk form of ZnS at room temperature is
the ZB structure, which can transfer to the metastable WZ
structure after heating to 1020 °C in ambient pressure. In
recent reported ZnS nanostructures, including nanowires,
nanobelts/nanoribbons, nanosaws, and nanocables, the domi-
nant phase is WZ.25,26 Other materials such as CdSe, CdS,
MnS, and GaN can be ZB or WZ in bulk forms, while their
one-dimensional nanostructures prefer the WZ phase.11–21

ZnO has exclusively taken the WZ structure when forming
nanomaterials. To find a clue, we examine the surface struc-
ture of ZB and WZ phases.

It is considered that the surface contribution to the total
energy becomes increasingly important as the size decreases.
We try to reveal the WZ and ZB stability in one-dimensional
nanostructure by investigating the difference in surface en-
ergy. The favorite growth direction of one-dimensional WZ
nanostructures is along the c axis with exposed surface being

�011̄0� or �21̄1̄0�. The c axis of WZ corresponds to the 	111

direction of ZB. If �111� is the growth direction for the ZB
nanowire, the exposed surfaces would be �110� or �211�.

For the nonpolar surfaces, the major contribution to the
surface energy is the energy from the breaking bonds at the
surface. We can roughly use the bond density of each surface
to represent the surface energy.5 The calculated results have
been listed in Table I. d is the bonding distance between one
atom and its three closest neighbors in opposite species.
For simplicity, we take the WZ as an ideal case with
a /c=�8/3 and u parameter �ratio of nearest-neighbor dis-
tance along the c axis to c� equal to 3/8.27. Except the polar
surfaces ±�0001�WZ/ �111�ZB and �100�ZB, the lowest bond

density surface is �011̄0�WZ. The one-dimensional nanostruc-

ture growth along the �0001� direction with exposed �011̄0�
side surfaces is likely to have the lowest surface energy. This

surface energy driven phase transformation is further en-
hanced with the increased surface-to-volume ratio. After the
nucleation, the growth of the one-dimensional nanostructure
along the stacking direction of close-packed plane will prefer
the ABAB instead of the ABCABC sequence to expose the

�011̄0� side surfaces. As a conclusion, the comparable low

surface energy of �011̄0� plane takes the key role in stabiliz-
ing the wurtzite phase in one-dimensional nanostructures.
This is likely the reason that the legs of the tetrapod are WZ
rather than ZB. Our model here may also provide an expla-
nation about the formation of the WZ phase nanostructures,
especially for ZnS.

In summary, we directly observed the zinc-blende
phased core in the ZnO tetrapod nanostructures, showing a
direct evidence of the ZB core in the nucleation of the wurtz-

ite tetrapod structure. The formation of the WZ �011̄3�
twinned nanowires is discussed based on the developed
model. By calculating the bond density at the surfaces for
both ZB and WZ structures, we find that the �0001� growth

wurtzite nanowires with �011̄0� side surfaces have the lowest
surface energy.
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TABLE I. Bond density at surfaces of zinc-blende and wurtzite structures
�d� the bond distance�.

Zinc blende Wurtzite

�111� �3/ �4d2��0.433/d2 �011̄0� �3/ �6d2��0.459/d2

�100� 3/ �4d2��0.750/d2 �2̄110� 3�2/ �4d2��1.061/d2

�110� 3�2/ �8d2��0.530/d2 ±�0001� �3/ �4d2��0.433/d2

�211� �6/ �4d2��0.612/d2
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