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Since the discovery of carbon nanotubes (CNTs)ne-
dimensional (1D) nanostructures have attracted a considerable F‘
amount of attention, due to their potential utilization as building
blocks for electronic and photonic nanodeviéédNidening the '
use of these 1D nanostructures requires a greater assortment of
structures to be made available. Recently, interest in curved quasi-

1D nanostructures, such as helix/spring, ring, bow, and so forth, : N & ko N i,
has been steadily increasing, owing to their attractive morphology ' e PR ,, 2
and propertie4-1° The helical CNTs can be used as extremely AN 200mm |2 \ SRl

SenSIt!Ve mechanlqal resonators.to dete.ct .masls Chém'te. Figure 1. (a) SEM micrograph shows the wirelike morphology and (b)
the high expectations concerning their imminent application, the magnified image shows that the helical nanowire is rolled around the
however, the synthesis of other helical nanostructures has remainedtraight nanowire. (c) High-density nanostructures are produced with (d) a
limited to ZnO, Si, and SiC materialsi® Herein, we synthesize  Self-coiled spring morphology.

two novel helical zinc gallate (ZnG@,) nanostructures; helical
ZnGa0,4 nanowire rolls either on a straight ZnSe nanowire support,
which makes them look like “vines”, or without any support, in
which case they have the appearance of “springs”. Thus, we refer
to them as “nanovines” and “nanosprings”, respectively. Zza
which has a band gaji§) of 4.4-5.0 eV, is useful as a transparent
conducting oxide in near-UV regiod.Our research group previ-
ously reported the first synthesis of blue-light-emitting ZaGa
nanowires? In the present study, we focus on the structure analysis
of the helical ZnGgD,4 nanowires based on their electron micros-
copy images.

Helical ZnGa0O, nanostructures were synthesized by a two-step
thermal evaporation method. (1) High-purity single-crystalline ZnSe
nanowires were synthesized using CoSe (99%, Aldrich)/ZnO
(99.98%, Aldrich) on a Au nanoparticles-deposited Si substrate at
800 °C (Supporting Information, Figure S1). (2) The pre-grown
ZnSe nanowires were placed near the ZnO/Ga (99.99%, Aldrich),
and a temperature of 600 or 90C was maintained for 1060
min, thereby producing the Zn@a, nanowires. The products were
analyzed by scanning electron microscopy (SEM, Hitachi S-4700),
transmission electron microscopy (TEM, FEI TECNA4, @00 kV),
high-voltage TEM (HVEM, JEOL JEM ARM 1300S, 1.25 MV),
and energy-dispersive X-ray fluorescence spectroscopy (EDX).

Figure 1a shows an SEM image of the nanostructures grown at
600 °C. The magnified image reveals the nanovine structure in
which the helical nanowire winds around the straight nanowire
support (Figure 1b). Scanning TEM (STEM) and EDX line-
scanning reveal that the nanovine is composed of helical &nfa Figure 2. (a) TEM image shows the general morphology of the nanovines
and straight ZnSe nanowires (Supporting Information, Figure S2). (bnghe growth directio% of the heIice?I nanowire ghanggeys zigzagged with a

Figure 1c shows an SEM image of the §pring|ike ZpGa constant oblique angle of 45Atomic-resolved image and corresponding
nanostructures synthesized at 9@ The magnified image shows  FFT ED pattern (inset) for (c) the straight ZnSe nanowire and (d) the helical
clearly the self-coiled morphology without any support (Figure 1d). ZnGa0a nanowire. (e) General morphology of the nanospring having a
Others are mostly unreacted ZnSe nanowires. constant angle and pitch. (f) The single-crystalline Zsiecrystal has a

. - [011] growth direction, as confirmed by the FFT ED pattern (inset).
The TEM image explicitly shows a constant angle of the Schematic models for (g) the nanovines and (h) the nanosprings. (i) Top-

ZnGa04 nanowire over the entire helical structure (Figure 2a). The view diagram showing the four growth directions of the helical nanowires.

average diameter is 80 nm. Figure 2b corresponds to the magnlfledimage, measured at the [100] zone axis, revealing that the [011]

t Korea University. anq [O_;l] grovvt.h directions of the helical Zn@@ nanoyvire zigzag
*Korea Institute of Science and Technology. periodically, with an oblique angle (defined in the figure) of45
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The [001] axial direction maintains along the whole length. The
surface of the ZnSe nanowire is indented at its junction with the
helical ZnGaO, nanowire, as indicated by the dotted line. Figure

acts as a catalyst to melt the Zn and moves along the surface of
the ZnSe nanowire during the growth of the ZnGananowire
(Supporting Information, Figure S5). Moreover, the lattice matching

2, parts c and d and their insets, shows the atomic-resolved imagesetween the ZnG&, and ZnSe crystals could play a critical role

and fast-Fourier transformed electron diffraction (FFT ED) patterns
for the parts marked in Figure 2b, proving that the nanovine is
composed of a cubic ZnSe single crystal with a [11di}{= 3.3

A) growth direction and a cubic Zn@a, single crystal with a [01]
(do22= 2.9 A) growth direction. The corresponding lattice constant
is consistent with that of the bulk crystal (ZnSe JCPDS No. 37-
1463 and ZnG#, JCPDS No. 38-1240). The HVEM image of
the self-coiled ZnG#D, nanowire shows the zigzagged growth
direction with the uniform angle and pitch (Figure 2e). Remarkably,
the oblique angle (49 and growth direction are the same as those
of the nanovines. Its atomic-resolved image and FFT ED pattern
confirm a defect-free single-crystalline Zn&a crystal with a [01]
growth direction (Figure 2f and its inset). It is noteworthy that both

the nanovines and nanosprings are entirely composed of single-

crystalline ZnGgO, crystals without any dislocation or distortion.
From the structure information provided, schematic models were

in determining the growth direction. The Zn&a nanosprings may

be produced by the mechanism in which the ZnSe nanowires induce
the growth of the ZnG#, nanowires such as the nanovines and
then ultimately evaporate afterward due to a high temperature of
900 °C.

The ZnSe kg = 2.7 eV at 300 K) nanowires exhibit a band-
edge emission at 2.7 eV and a stronger emission at 2.0 eV associated
with defects (Supporting Information, Figure S8)The ZnGaO,
nanowires have a blue emission at 3.1 eV, originating from the
self-activation center of the octahedral-8@.12 We anticipate that
the ZnGaO,/ZnSe nanovines could be used as a distinctive
multicolored light-emitting-diode nanomaterial. The ZnGanano-
springs could be used as more efficient sensing materials or
mechanical resonators.

In summary, we synthesized Zng&a/ZnSe nanovines and
ZnGg0, nanosprings by thermal evaporation using the ZnSe

constructed for the nanovines and nanosprings holding the identicalnanowires. Both the nanovines and nanosprings have a common

ZnGa0, helical structure (Figure 2g,h). The helixes have highly
symmetric and periodic structure, which results from the same
length of building blocks. The top-view model shows that the blocks
have four equivalenfd110directions: [011], [101], [01], and
[101], and there is a J0rotation between two adjacent blocks
(Figure 2i). These building blocks stack with an inclined angle of
45°, along the [001] axial direction. When the incident beam is
parallel to the [100] direction, the TEM image shows only two
zigzagged [011] and [ blocks. Further TEM analysis was
performed carefully for another nanovine to confirm the uniform
growth direction for all the helixes that we observed (Supporting
Information, Figures S3 and S4).

The Wang group reported that single-crystalline wurtzite ZnO
nanohelixes have six equivalent growth directions@if110due
to their polarity’® They explained that the sequential change in the
growth direction is formed to reduce the electrostatic interaction
energy caused by the{ 0111} polar surfaces of the nanowires. In
contrast, the helical ZnG@, nanowires described in the present
study have four equivaleriD110growth directions. Considering
their nanovine structures, we conjecture that lattice matching occurs
when the ZnGgD, nanowire winds around the ZnSe nanowire. The
interlayer distances of the (022) and (400) planes of Z@zare
2.946 and 2.083 A, respectively, corresponding to its growth
direction and zone axis. The (002) and (220) planes of the ZnSe
nanowires, which are lying along the growth direction and zone
axis of the ZnGgD, nanowires, respectively, are separated by
distances of 2.835 and 2.004 A. The lattice mismatch between the
(022) ZnGaO,4 and (002) ZnSe planes, and that between the (400)
ZnGg0, and (220) ZnSe planes, are only about 4%. Therefore, it
would be expected for the helical Zng, crystal to grow in the
[0110direction, due to the lattice matching with the ZnSe crystal.

The straight ZnG#D, nanowires were synthesized using ZnO/
Ga at 906-1000°C 22 In comparison, the ZnG&,ZnSe nanovines
are produced at a lower temperature of 880 The indented surface
of the ZnSe nanowire, as shown in Figure 2b (or Supporting
Information, Figure S3), indicates that the surface of the ZnSe
nanowire may have melted to supply the Zn, thereby helping to
grow the helical ZnGgD, nanowire at the lower temperature. This
scenario is related to the growth model in which the Au nanoparticle

structure, in which the growth direction of the helical ZnGa
nanowire changes zigzagged with the same angle. They all consist
of single-crystalline cubic ZnG@;, crystals without any dislocation
over the entire helical structure and have four equiva@®atl]
growth directions: [011], [101], [0f], and [101], with the [001]

axial direction. We suggest that the lattice matching with the ZnSe
nanowires is an important factor in determining the growth direction
of the helical ZnGgD, nanowires.
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