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ABSTRACT

Electron tomography and high-resolution transmission electron microscopy were used to characterize the unique three-dimensional structures
of helical or zigzagged GaN, ZnGa 2O4, and Zn 2SnO4 nanowires. The GaN nanowires adopt a helical structure that consists of six equivalent
〈01h11〉 growth directions with the axial [0001] direction. We also confirmed that the ZnGa 2O4 nanosprings have four equivalent 〈011〉 growth
directions with the [001] axial direction. The zigzagged Zn 2SnO4 nanowires consisted of linked rhombohedrons having the side edges matched
to the 〈110〉 direction and the [111] axial direction

One-dimensional (1D) nanostructures have attracted consid-
erable attention due to their potential use as building blocks
for assembling active and integrated nanosystems.1 Recently,
interest in helical (or springlike) and zigzagged nanostruc-
tures has been steadily increasing, owing to their attractive
morphology and properties.2-20 It was demonstrated that
helical carbon nanotubes (CNTs) and nanowires (e.g., ZnO,
InGaAs/GaAs, Cr) can be used as extremely sensitive
mechanical resonators to detect mass and pressure
changes.2d,2e,5g,17,18All of the zigzagged or helical structures
in these previous studies were analyzed by examining their
two-dimensional (2D) projections using transmission electron
microscopy (TEM), which provides a first insight into their
size and morphology. There are, however, potentially some
cases where important three-dimensional (3D) structural
information is missed or erroneous information may be
obtained when using simply this technique.

Electron tomography, which is a method to reconstruct
3D morphologies from a series of 2D images or projections,
has been successfully applied to analyze the morphology of
nanoparticles as well as their location in a mesoporous matrix
(or carbon nanotubes or nanocomposites).21-28 However, the

use of electron tomography to study helical or zigzagged
nanowires has not previously been reported, despite the ever-
increasing research effort devoted to this field. Herein, we
report the 3D structures of helical or zigzagged GaN,
ZnGa2O4, and Zn2SnO4 nanowires (NWs), obtained by
electron tomography and high-resolution TEM. The present
work demonstrates their 3D reconstruction images, acquired
from a series of 2D projections obtained by high-angle
annular dark field (HAADF) scanning TEM (STEM). The
results of this study should open up a new field allowing
for the investigation of nanostructures with high spatial
resolution that could have an impact on our understanding
of the growth mechanism and application of nanodevices in
many fields in which the crystal structure plays an important
role in the final properties.

The synthesis and characterization procedure of GaN
and Zn2SnO4 NWs are described in the Supporting Informa-
tion. 3D electron tomography was performed using a
STEM (FEI Co., Technai F20), with a tilt holder (Dual
Orientation Tomography Holder 927, Gatan Co.) and a
Fischione model 3000 HAADF detector operated at 200 kV.
A series of 110 HAADF-TEM images was collected from
+65 to -65° in 1.5° steps under a nominal magnification
of 40,000∼110,000×, resulting in a pixel size of 1∼3 nm* Corresponding author. E-mail: parkjh@korea.ac.kr.
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on a computer-controlled sample stage. The images were
spatially aligned by a cross-correlation algorithm using
Inspect3D software (FEI Co.), and the 3D reconstructions
were achieved using a simultaneous iterative reconstruction
algorithm from consecutive 2D slices.29 Visualization was
performed using AMIRA 4.0.

Figure 1a shows the SEM image of the high-density helical
NWs synthesized using the vapor transport method. The
X-ray diffraction (XRD) and X-ray photoelectron spectros-
copy (XPS) data confirm the wurtzite structure GaN NWs,

as shown in the Supporting Information, Figure S1. The TEM
image reveals all zigzagged structure over the whole NW
(Figure 1b). The average diameter (d) of the NWs is 100
nm. Figure 1c shows explicitly that the pitch distance (L as
defined in the figure) is in the wide range of 200-500 nm
and the zigzag angle is 120-130°, but the diameter of the
helix (D) is uniformly 300 nm along the whole NW. We
turned the TEM grid holder to rotate the NW around the
axial direction. Figure 1d,e corresponds to the TEM images
for its -30 and 30° rotations, respectively, showing the

Figure 1. (a) SEM micrograph of high-density helical GaN NWs homogeneously grown on the substrate. (b) TEM image reveals the
zigzagged morphology of the NWs having an average diameter of 100 nm. (c) The zigzagged NW has a pitch distance (L) in the wide range
of 200-500 nm, a zigzag angle of 120-130°, and a uniform diameter of the helix (D) of about 300 nm. The insets show the SAED pattern,
measured at the [21h1h0] zone axis, and the magnified images of the edge parts, revealing the [022h3]/[02h23] zigzagged directions and the
axial [0001] direction. The NW turns around the long axis by (d)-30° and (e) 30°. The corresponding SAED patterns, measured at the
[011h0] zone axis, and the magnified TEM images of the left- and right-side edge parts (i and ii) show that the zigzagged direction matches
the [21h1h2]/[2h112]/[0001] directions (insets). The shorter segments appear to be nearly collinear with the others, as indicated by the circles.
The lattice-resolved images for the (f) 0°-, (g) -30°-, and (h) 30°-turned NWs reveal their single-crystalline nature. The highly crystalline
(001) lattice planes are separated by a distance of 5.2 Å, which is consistent with that of the bulk crystal (a ) 3.189 Å,c ) 5.186 Å, JCPDS
no. 50-0792).
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maintenance of the zigzagged morphology with the sameD
value. A series of TEM images for the 10° sequential
rotations are shown in the Supporting Information, Figure
S2.

The corresponding selected-area electron diffraction (SAED)
pattern is shown in the insets. The zone axis is [21h1h0] for
the 0° turn and [011h0] for the-30 and 30° turns. The [0001]
axial direction remains the same for the rotation. This
symmetric and periodic right-handed helix structure probably
arises from the identical growth direction of the NW blocks
(or units) that are directed toward the six equivalent directions
of the hexagonal unit cell. The zigzagged direction, resulting
from the shared direction of at least two blocks, can be
identified using the edge parts ((i) and (ii)), as shown in the
lower insets. At the [21h1h0] zone axis, the magnified images
show the [022h3] and [02h23] directions. At the [011h0] zone

axis, the NW clearly has the [21h1h2], [2h112], and [0001]
directions. However, the length of the blocks is very irregular,
so that some of the shorter ones appear to be nearly collinear
with the others (marked by the circles). This occurs as
frequently as 1 per 4 or 5 zigzagged segments and causes
an increase in the zigzag angle. Figure 1f-h displays the
lattice-resolved images for the parts marked in Figure 1c-
e, respectively, proving that this NW is entirely composed
of perfect single-crystalline GaN nanocrystals. We observed
the same zigzagged directions for other NWs, as shown in
the Supporting Information, Figure S3.

Figure 2 displays the tomographic 3D reconstruction
images of the helical GaN NW, as shown in Figure 1c-e,
with panels a-d being the images for the 90° sequential
turns. The corresponding movie is supplied in Supporting
Information, Movie S1. The sliced views along the NW (as

Figure 2. Images of the helical GaN NW obtained through tomographic 3D reconstruction; (a-d) correspond to a series of 0, 90, 180, and
270° rotations around the axial direction; (i-iv) images show the sliced view along the NWs (as marked in a), having the triangular cross
section.
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marked in Figure 2a, i-iv), reveal the triangular cross-
section. Supporting Information, Movie S2 provides the
vertical-direction rotational view. The additional tomography
data are supplied in the Supporting Information, Figure S4
and Movies S3 and S4.

On the basis of the assigned direction, we build a
schematic model as shown in Figure 3a. The NW blocks
stack along the [0001] axial direction. The blocks stack along
the [0001] axial direction. They have six〈01h11〉 growth
directions: [1h101], [011h1], [101h1], [11h01], [01h11], [1h011].
The angle between the〈01h11〉 and [011h0] directions is 43.2°,
as obtained from stereogram (Supporting Information, Figure
S5). The triangular cross-section suggests that these NW
blocks would be enclosed with((011h2h), ((11h01), and
(((1h011) surfaces. When the incident beam is projected at
the [21h1h0] zone axis, the TEM image shows two [022h3] and
[02h23] zigzagged directions, resulting from the collinear three
adjacent blocks (left image). As the NW is rotated by 30°,
the two adjacent blocks become collinear and share the same
growth direction, [21h1h2] and [2h112], at the [011h0] zone axis
(right image). At this zone axis, the two blocks line up along
the [0001] axial direction.

Zigzagged GaN and coiled GaInN NWs were reported by
other research groups, but the 3D structure of the helical
GaN NWs has not previously been analyzed.9,11 For the
helical ZnO NWs, Wang and co-workers suggested a model
in which the growth is led by the Zn-terminated (0001) front
surface and the six equivalent〈01h11〉 growth directions are

formed to reduce the electrostatic interaction energy caused
by the ({011h1} polar surfaces of the NWs.5c This model
may be adopted for the present helical GaN NWs having
the Ga (or N)-terminated((11h01) and((1h011) polar side
surfaces that attracted each other. Their controlled morphol-
ogy is discussed in the Supporting Information.

We previously reported spinel-structure ZnGa2O4 nano-
springs (right-handed), synthesized using ZnSe NWs as
templates.10 They have explicitly the [11h2]/[1h12] zigzagged
directions (with a zigzag angle of 110°) at the [011] zone
axis (Figure 4a and inset). They have a more uniform pitch
length than the GaN NWs. When the nanospring is rotated
by -45 or 45°, the [01h1]/[011] zigzagged directions (with a
zigzag angle of 90°) are observed at the [001] zone axis
(Figure 4b,c and insets). The [001] axial direction maintains
along the whole length. A series of TEM images for the 10°
rotation are shown in the Supporting Information, Figure S6.
Figure 4d corresponds to the tomographic 3D reconstruction
images, panels i-iv are the images for sequential 45°
rotation, and v is for its top view, showing their square cross-
section. The corresponding movies are displayed in Sup-
porting Information, Movies S5 and S6. The schematic model
is shown in Figure 3b. All these results confirm our previous
structural assignment.

Zn2SnO4 NWs were synthesized using the vapor transport
method, and their SEM image shows their diamond chainlike
morphology (Figure 5a). The TEM image reveals that all of
the NWs consist of linked rhombohedral nanocrystals (Figure

Figure 3. Schematic model constructed for the helical GaN and ZnGa2O4 NWs and zigzagged Zn2SnO4 NWs. (a) The GaN NW blocks
have six equivalent〈01h11〉 growth directions: [1h101], [011h1], [101h1], [11h01], [01h11], and [1h011]. These building blocks stack along the
[0001] axial direction. The left and right images correspond to the views for the [21h1h0] and [011h0] zone axes, respectively. When the
incident beam is projected at the [21h1h0] zone axis, the TEM image shows two [022h3]/[02h23] zigzagged directions, resulting from the
collinear three adjacent blocks. At the [011h0] zone axis, the two adjacent blocks become collinear and share the same growth direction,
[21h1h2] and [2h112], and the two blocks are aligned along the [0001] axial direction. (b) The blocks of the ZnGa2O4 nanosprings have four
equivalent〈011〉 directions: [101], [01h1], [1h01], and [011], and there is a 90° rotation between two adjacent blocks. The left and right
images correspond to the views for the [011] and [001] zone axes, respectively. At the [011] zone axis, the TEM image shows that the two
adjacent [101]/[01h1] or [011]/[1h01] blocks become collinear and share the same growth direction of [11h2] or [1h12]. As the nanospring is
rotated by 45°, two zigzagged directions are [01h1] and [011] when projected at the [001] zone axis. (c) The side edges of the rhombohedons
have six equivalent〈110〉 directions: [110], [1h1h0], [101], [1h01h], [011h], and [01h1], and the axial direction is [111]. At the [1h11] zone axis,
the TEM image shows the [110] and [101] zigzagged directions and the [211] axial direction, which overlaps with the [111] axial direction
(left image). As the NWs is rotated by 30°, the zone axis becomes [011] (right image). Then, one side edge coincides with the [211]
direction, due to the collinear [011] and [101] directions.
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5b). The energy-dispersive X-ray fluorescence (EDX), XRD,
and XPS data confirm a face-centered cubic spinel structure,
as shown in the Supporting Information, Figures S7 and S8.
For a selected NW, the zigzag angle is 125° and the edge
angle of the rhombohedral nanocrystals is 55°, as marked
by the red-color lines (Figure 5c). The TEM image and
SAED pattern (at the [011] zone axis) reveal the [01h1] and
[21h1] zigzagged direction and the [11h1] wire axis (Figure
5d and inset). The lattice-resolved image confirms their
single-crystalline nature (Figure 5e). Another NW was found
to have a zigzag angle of 120° (Figure 5f). Its tip has an
angle of 60° (Figure 5g). The SAED pattern at the [1h11]
zone axis indicates the [101] and [110] zigzagged directions
and the [211] axial direction (inset). We measured a series
of TEM images for the sequential rotation of another
zigzagged NW (Supporting Information, Figure S9). As the
NW is rotated by 30°, the zone axis changes from [011] to
[1h11], and the zigzag angle changes from 125 to 120°.
Therefore, all of the NWs we observed have the same
zigzagged structure. Figure 5h displays the tomographic 3D
reconstruction images, and the corresponding movie is
supplied in Supporting Information, Movies S7 and S8.

Images i-iv correspond to sequential turns, showing the
change of rhombohedral angle from 55 to 60°. The top view
(v) reveals its rhombic-shaped cross-section.

A schematic model is shown in Figure 3c. We suggest
that the six apexes of the rhombohedral blocks are directed
toward the six equivalent〈110〉 directions of the hexagonal
units and the two apexes along the [111] axial direction. At
the [1h11] zone axis, the TEM image shows the [110]/[101]
zigzagged directions and the [211] axial direction, which
overlaps with the [111] direction (left image). As the NW is
rotated by 30°, the zone axis becomes [011] (right image).
Then, one side edge coincides with the [211] direction due
to the collinear [110]/[101] directions. It is noteworthy that
the assignment of the axial direction for such zigzagged NWs
can often be incorrect when only the 2D projection image is
used. Zigzagged Zn2SnO4 NWs were previously reported,
commonly showing the [111] axial direction.30-33 The
zigzagged direction was observed to be [211] or [011], which
is consistent with the present NWs. We also synthesized
straight Zn2SnO4 NWs, having the [111] axial direction, as
shown in the Supporting Information, Figure S10, and
discussed their morphology control.

Figure 4. (a) The ZnGa2O4 nanosprings with a zigzag angle of 110°. Its corresponding SAED pattern, measured at the [011] zone axis,
reveals the [11h2] and [1h12] zigzagged directions and the uniform [001] axial direction along the whole length (inset). The TEM images for
(b) -45° and (c) 45° turns around the axial direction show that the zigzag angle is 90°. Its corresponding SAED pattern, as shown in the
inset, shows that the zone axis becomes [001] and the zigzagged direction matches [01h1] and [011]. (d) Tomographic reconstruction images
of the ZnGa2O4 nanospring; (i-iv) images correspond to a series of 0, 45, 180, and 225° sequential rotations around the axial direction; (v)
image shows the top view of the nanosprings. As it is rotated, the zigzag angle is changed from 110° (i and iii) to 90° (ii and iv).
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In summary, tomographic reconstruction and HRTEM
images were used to characterize the unique 3D structures
of right-handed helical GaN NWs that consist of six
equivalent〈01h11〉 growth directions with the [0001] axial
direction. We also present the tomography data for ZnGa2O4

nanosprings, having four equivalent〈011〉 growth directions
with the axial [001] direction. Zigzagged Zn2SnO4 NWs
consisting of rhombohedral shaped nanocrystals in which the
side edges match the six equivalent〈110〉 directions and the
axial direction is [111] were also studied. Therefore, we
suggest that tomographic 3D construction allows for precise
structure analysis, particularly for helical/zigzagged 1D
nanostructures.
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