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ABSTRACT
Characterizing the three‐dimensional (3D) shape of a nanostructure by conventional imaging techniques in
scanning electron microscopy and transmission electron microscopy can be limited or complexed by various
factors, such as 2D projection, diffraction contrast and unsure orientation of the nanostructure with respect to
the electron beam direction. In this paper, in conjunction with electron diffraction and imaging, the 3D
morphologies of ZnO nanowires and nanobelts synthesized via vapor deposition approach were
reconstructed by electron tomography in a scanning transmission electron microscope (STEM). The
cross‐sections of these one‐dimensional nanostructures include triangle, hexagonal, and rectangle shapes.
Combined the reconstructed shape with the crystalline information supplied by electron diffraction patterns
recorded from the same nanowire/nanobelt, the growth direction and its exposed surfaces were uniquely
identified. Totally three different growth directions were confirmed. These directions are <0001>, <2 0> and
<2 3>, corresponding to <001>, <100> and <101> orientations in three‐index notation. The <0001> growth
nanowires show triangle or hexagonal cross‐sections, with exposed {01 0} side surfaces. The dominant
surfaces of the <2 > growth nanobelt are ± (0001) planes. Both hexagonal and rectangle cross‐sections were
observed in the <2 3> growth ZnO nanostructures. Their surfaces include {01 0}, { 101} and { 112} planes.
The nanobelts with a large aspect ratio ~ 10 normally grow along <2 0> direction, while nanobelts with
small aspect ratio are along <2 3> growth direction. The approach and methodology demonstrated here can
be extended to any nanostructures that can be crystalline, polycrystalline or even amorphous.

KEYWORDS
ZnO, nanowire, nanobelt, TEM, STEM, electron tomography
1.

Introduction

Quasi‐one‐dimensional

nanowires/nanobelts are the fundamental building
(1D)

ZnO

blocks for fabricating various devices such as field
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effect transistors [1, 2], nano‐LEDs [3, 4], gas‐sensor

as the crystallography of the side surfaces and the

[5, 6], force sensor [7, 8], nanogenerators [9, 10] and

area ratio of each as well as the surface structures,

piezotronic devices [11, 12]. Vapor phase deposition

which are known from surface science point of view

[13, 14] and low‐temperature wet chemical or

of vitally importance for device performance. In

hydrothermal methods [15, 16] are the two

such a case, the surface structure is undefined,

well‐developed approaches to synthesize ZnO

which is likely to be a major weakness because the

nanostructures. Although the latter approach can

performance of the nanowire devices is likely

get well controlled uniform ZnO nanowire arrays

dominated by the surfaces in many cases. In the

on different substrates, for the nanodevices built

piezotronic

using

vapor

nanowire/nanobelt with large c plane as side

deposition approach is favorable for the following

surfaces could be distinctly different from the

reasons. Firstly, long nanowires/nanobelts are much

nanowire that is along the c‐axis owing to the

easy to manipulate during the device fabrication.

orientation of the crystal polarization [18, 19].

Vapor

ZnO

Alternatively, high‐index surfaces will benefit the

nanowires/nanobelts, which can reach millimeter

catalysis properties of the devices. Therefore, before

scale, while the nanowires grown by wet chemical

using the ZnO nanowires/nanobelts to build such

approach

several

specified nanodevices, we need to fully characterize

micrometers. Secondly, the crystallinity of the ZnO

their three‐dimension (3D) crystalline structures

nanowire will affect the electronic properties of the

including their growth directions and side surfaces.

single

ZnO

deposition

are

nanostructure,

method

normally

gives

less

the

longer

than

devices,

for

instance,

the

nanodevices. Because of low working temperature

Scanning electron microscopy (SEM) images

in the wet chemical method, normally around 100

can give some rough information about the 3D

°C [16], the crystallization of the nanowires is

structure of nanomaterials with limited resolution,

relatively poorer compared with those synthesized

but it is difficult to get the crystallographic

via the high‐temperature vapor deposition method

information

as long as the density of point defects is considered.

transmission electron microscopy (TEM) is used to

Thirdly,

collect

some

applications

are

crystalline

at

the

the

crystal

same

time.

structure

Traditionally,

information

of

orientation dependent, like the piezoelectric effect.

nanomaterials based on their selected‐area electron

Most of the ZnO nanowires from wet chemical

diffraction (SAED) patterns and/or high‐resolution

approach are hexagonal shaped with unique

TEM (HRTEM) images [20]. However, each TEM

growth direction along <0001>, the c axis. While

image is only a two‐dimensional (2D) projection of

vapor deposition method gives much more choices

the real 3D object. It is difficult to explore the 3D

if no catalyst used, growth directions other than

crystalline information of the nanomaterials solely

<0001> have been reported [17]. And not only

based on TEM images and diffraction patterns. The

nanowires, but also nanobelts can be synthesized.

routine methods for growth direction determination

At the same time, different surfaces will be exposed

include: Using the fast Fourier transformation (FFT)

in these nanowires and nanobelts. In order to

of

optimize the performance of the nanodevices, we

microscopy (HRTEM) image recorded from the 1D

need to choose the suitable ZnO nanostructures to

nanostructure;

build the devices. Almost for all of the nanowire

transmission electron microscopy (TEM) image

based devices reported in the literature so far, only

with its selected‐area electron diffraction (SAED)

the growth directions may be provided, and little

pattern; or recording its shadow image [20].

information is provided about the side facets, such

However, the precondition for above methods

a

high‐resolution
combining

transmission
a

electron

low‐magnification

3

assumes that the incident electron beam is

Then we switched to TEM mode and recorded the

perpendicular to the growth direction of 1D

SAED patterns from the same nanowire/nanobelt at

nanostructures during we recorded the HRTEM

different tilting conditions. Combining the 3D

images and SAED patterns.

In reality, such

morphology and crystalline information, we have

assumption is not guaranteed anytime. Here we

uniquely identified the growth directions and all

determine the growth direction of ZnO 1D

their side surfaces of more than twenty ZnO

nanostructures using two SAED patterns. Each

one‐dimension (1D) nanostructures. In statistics,

SAED pattern contains a special diffraction spot,

most of the nanowires grow along <0001> direction

vector

and expose {01 0} side surfaces with cross‐section

perpendicular to the growth direction. Then the

in triangle or hexagonal shapes. The nanobelts

cross‐product of two of these vectors gives the

growing along <2

unique growth direction of the nanowire/nanobelt.

dominant side surfaces. Other than the above two

whose

corresponded

reciprocal

> direction have ± (0001)

growth directions, a new growth direction along
Electron tomography is a novel technique,

<2 3> was confirmed for the first time for both

which can retrieve 3D structure information usually

nanowires and nanobelts. Their exposed large

missed in a conventional image [21]. A 3D structure

surfaces belong to {01 0} plane, while the nanowire

can be reconstructed by processing a series of

shows some { 101} surfaces and the nanobelt show

images taken by tilting the sample to different

some { 112} surfaces as well. The three growth

orientations

directions of <0001>, <2

that

the

diffraction

contrast

is

0> and <2

3> are all

minimized or largely eliminated in each image so

low‐indexed orientations in wurtzite structure.

that the image contrast is proportional to the

They respectively correspond to the <001>, <100>

projected mass‐thickness of the sample [22, 23].

and <101> orientations in three‐index notation for

Corresponding to different kinds of materials, we

hexagonal structure.

need to choose the right imaging techniques to
fulfill the mass‐thickness contrast criteria. For
example,

bright‐field

TEM

is

suitable

2.

Experimental details

for

The ZnO nanowires and nanobelts studied in this

biomaterial and amorphous inorganic materials [24],

work were synthesized using the vapor deposition

while the inorganic crystalline materials need to be

approach [13].

A FEI Tecnai F30 super‐twin

taken in scanning TEM (STEM) mode with the use

field‐emission gun TEM equipped with a single‐tilt

of a high‐angle annular dark‐field (HAADF)

tomography holder from Fischione Instrument was

detector, which collect a large angular range of

used to acquire the TEM images, SAED patterns

high‐angle scattered electrons so that the image

and the tilting series HAADF‐STEM images. During

contrast is approximately proportional to the

the experiments, each nanowire/nanobelt was

mass‐thickness, and the diffraction contrast is

aligned manually along the titling axis of the holder.

largely suppressed [25, 26]. For example, the STEM

The tilt series were acquired over the tilt‐rang from

tomography has been successfully applied to

‐70° to 70° in STEM mode using Xplore 3D software

reconstruct the 3D shape of some catalysis

(FEI Company) by a step of 1° or 2° at different

nanoparticles [27‐35], TiO2 nanotubes [36], InAs

angle ranges. The STEM HAADF images were

nanowires [37] and core‐shell GaP‐GaAs [38].

aligned using the IMOD software [39], and the 3D

Here in this work, we first reconstructed the

reconstruction was performed using SIRT package

3D morphologies of different ZnO nanowires and

built in the Inspect3D software. The visualization of

nanobelts from a series of HAADF‐STEM images.

the final 3D datasets was performed by using

4

isosurface or the voltex rendering in Amira V5.3.1

nanowire in Fig. 1, its side surfaces belong to {01 0}

software. JEMS software was used to do the

as well, which are indexed in Fig. 2i. It is noticeable

electron diffraction simulation.

that here has a low‐contrast part at the tip of the
nanowire both in HAADF‐STEM images and TEM

3.

Results and discussion

image as pointed by the yellow arrowheads. In the

Figures 1a‐f display six HAADF‐STEM images

reconstructed 3D structure, it is clear that such

of a ZnO nanowire recorded at different tilting

structure is seated on one of the {01 0} side surfaces

angles. The axial direction of the nanowire has been

as marked in Fig. 2h.

manually aligned to close to the tilting axis of the

nanowire in Fig. 2 can be seen in Movie S2.

tomography holder which is along the red line in

The 3D representation of the

Figure 3 displays a <2

0> growth ZnO

Fig. 1a. The contrast changes at the tip area can give

nanobelt. Because of its ribbon shape and large

us some hints about the real 3D structure. Figures

aspect ratio, the width of the nanostructure in the

1g and 1h are a bright‐field TEM image and its

2D projection HAADF‐STEM images in Figs. 3a‐e

corresponding SAED pattern from the same

changes dramatically while tilting. The narrowest

nanowire in Fig. 1a‐f at a tilting angle of 8°. Based

width of the nanobelt in the 2D image is displayed

on tilting series of totally 91 HAADF‐STEM images,

in Fig. 3c with a tilting angle of 7°, corresponding to

the reconstruction was carried out and a calculated

the two large surfaces parallel to the incident

3D structure is displayed in Fig. 1i, which is a

electron beam. Figure 3f is a bright‐field TEM

triangular prism (Seeing Movie S1 for a 3D

image of the nanobelt at a 7° tilting angle, its

representation of the nanowire). The displayed 3D

corresponding SAED pattern is displayed in Fig. 3g,

structure only corresponds to selected range of

which reveals that the two large side surfaces

intensity in the reconstruction. Therefore, we

belong to ± (0001) planes. At the same time, the

missed

phase

axial direction of the nanobelt or the growth

attachment on the side surface of the nanowire as

direction can be identified as along <2 0> direction

shown in Fig. 1c, and what we observe in Fig. 1i is

based on the same SAED pattern. The reconstructed

the main body of the ZnO nanowire. At an 8° tilting

3D structure is displayed in Fig. 3h while the

condition, by linking the SAED pattern in Fig. 1h

cross‐section cut interface is redrawn in Fig. 3i. The

with the reconstructed 3D structure, we can identify

widths of the (0001) and (2 0) surfaces are around

the

low‐contrast

amorphous

the growth direction of the nanowire is along

535 nm, 55nm with aspect ratio ~ 10. The rounded

<0001>. The cross‐section cut of the nanowire is

edges in the cross‐section image in Fig. 3i, which

highlighted by a red plane both in Figs. 1i and 1j.

are highly possible to be flat {01 0} planes, is mainly

The indexes of the three surfaces are given in Fig. 1j,

due to the ʺmissing wedgeʺ effect, because the

which belong to {01 0} planes.

limited tilting angles we can reach. Movie S3 shows

The nanowire in Fig. 2 grows along <0001>
direction

as

well.

Five

representative

HAADF‐STEM images at different tilting angles are

a 3D representation of the nanobelt showing in Fig.
3.
Figures 4 and 5 give the case of a <2

3>

shown in Figs. 2a‐e. The SAED pattern in Fig. 2g

nanowire.

was recorded at an 1° tilting condition and can be

images of the nanowire at different tilting angles

indexed with incident electron beam along [01 0],

are shown in Figs. 4a‐e. Figures 4f‐h are three 3D

which is the same as the one shown in Fig. 1h.

images of the reconstructed nanowire viewing from

Although the reconstructed shape in Fig. 2h is a

different orientations. We can see some details as

hexagon instead of a triangular prism as the

marked by blue arrowheads are well presented in

Five

representative

HAADF‐STEM

5

the reconstructed 3D structure. Movie S4 gives a 3D
representation of the nanowire.
Figures

5a

and

5b

After analyzing the SAED patterns in Fig. 5,
we conclude that the real growth direction is

are,

respectively,

a

perpendicular to both the normal directions of

bright‐field TEM image and its corresponding

(0 10) and ( 112) planes. If we have the diffraction

SAED pattern of the nanowire in Fig. 4 at a tilting

pattern along the growth direction, it must contain

angle of ‐57°. The SAED pattern in Fig. 5b is along

the diffraction spots related to (0 10) and ( 112)

[2 1] zone axis and some diffraction spots in it are

planes. Our simulation reveals that such diffraction

indexed. The shadow image inserted in Fig. 5b

pattern is along [2 3] zone‐axis as shown in Fig. 5e.

gives the real‐space images and the diffraction

Therefore the [2 3] direction is the real growth

pattern simultaneously. If we assume that the

direction of the nanowire shown in Fig. 5. Such

nanowire is perpendicular to the incident electron

direction is indeed a low‐index orientation in

beam, then then the solid arrowhead gives its

hexagonal Wurtzite structure. It is easy to

growth direction, which is close to the normal

understand if we switch the orientation indexation

) plane. Energetically, ZnO

direction of the ((2

from four‐index notation to three‐index notation.

low‐index

The four‐index notation [UVTW], where U+V+T=0,

surfaces.

switches to three‐index notation will become [U‐T,

Obviously, such direction, the normal direction of

V‐T, W]. Then [2 3] is the same as [101]. We tilted

nanowires
orientations
(2

normally
and

grow

expose

along
low‐index

) plane, is a high‐index orientation. It may not

the nanowire by 90° to get the two SAED patterns

be the real growth direction. Possibly, after

displayed in Figs. 1b and 1d. It is consistent with

projected along the [2 1] direction, the real growth

the angle between (0 10) and ( 112) planes as

direction is parallel to such orientation. There is

shown in Fig. 5e. Such high‐angle tilting is not the

more information given by the diffraction pattern in

capacity of normal TEM holders, which can only tilt

Fig.

a maximum of ±30° in one direction.

5b.

No

matter

perpendicular to the

the

growth

direction

incident electron beam

direction or not, it is certain that the growth

The

tomography holder we used here can tilt from ‐75°
to +75°.

direction must perpendicular to [0 10] direction,

Aligned with the simulated SAED pattern in

the normal direction of (0 10) plane. If we can get

Fig. 5e, the cross‐section view of the reconstructed

another SAED pattern containing another direction

nanowire is displayed in Fig. 5f, while the 3D

perpendicular to its growth direction as well, then

viewing of the cutting can be found in Fig. 4h. The

the real growth direction can be calculated by the

well‐defined surfaces are indexed as (0 10), ( 011)

cross‐product of these two directions.

and ( 101) as displayed in Fig. 5f. The ZnO atomic

By 90° titling of the nanowire in Fig. 5a

structural model in Figure 6a is projected along

around its axial direction, we reached another

[2 3] direction. The ( 011) and ( 101) planes are,

SAED pattern as displayed in Fig. 5d, in which a

respectively, the Zn terminated and O terminated

shadow image is inserted as well. The image of the

polar surfaces. The detailed surface reconstruction

nanowire projected along such direction is

configuration of stable { 011} surfaces has been

displayed in Fig. 5c. The SAED pattern in Fig. 5d

revealed by HRTEM profile [40].

can be indexed as along [0 10] zone‐axis.

The [2

] growth nanostructures can take

Meanwhile, we have another orientation, the

nanobelt morphology as well, Figures 7 and 8 give

normal direction of ( 112) plane, perpendicular to

one

the growth direction.

HAADF‐STEM images of a nanobelt at different

of

this

case.

Figures

7a‐g

give

some

tilting angles. The images at ‐43° and 47° tilting

6

angles to give the projections of big and small side

The cross‐section view of the reconstructed

surfaces of the nanobelt. The measured width and

nanobelt in Fig. 7h is displayed in Fig. 7l. The two

thickness of the nanobelt are around 1

m and 270

large parallel surfaces belong to {01 0} family

nm. Therefore the aspect ratio between the width

planes. Another two small parallel surfaces belong

and thickness is just close to 4, far smaller than that

to { 112}. However, { 112} surfaces are not as flat as

of <2 0> growth nanobelts in Fig. 3, whose aspect

{01 0} surfaces. For we tilted both surfaces to

ratio is close to 10. The belt morphology of the

edge‐on condition corresponding to ‐43° and 47°

nanostructure is much clear in the reconstructed 3D

tilting angles,

image as displayed in Fig. 7h. The 3D structure is

serious in our case. Therefore, the roughness of

provided in Movie S5. The SAED pattern recorded

{ 112} surfaces is not an artifact but caused by

at 47° tilting angle is displayed in Fig. 7j, which is

surface reconstruction. The atomic structure model

along the same incident electron beam direction of

of the cross‐section view of the nanobelt is

1] as the one in Fig. 5b. After indexing the

illustrated in Fig. 6b. If each one { 112} surface

diffraction spots in Fig. 7j, we know the large side

decomposed into two {1 01} planes, we get the

surface belong to {01 0} planes. Meanwhile, the

nanowire morphology as the case shown in Fig. 5.

[2

the missing wedge effect is not

growth direction is confirmed to perpendicular to

If solely based on the HRTEM image in Fig. 8a,

[01 0] direction. Because the titling axis of the

the growth direction may be indexed in wrong as

holder is not precisely coincide with the axial

along the normal direction of (10 3) plane, or [10 1]

direction of the nanobelt as displayed in Figs. 7b,

direction. Such direction is [211] in three‐index

we did not get the same diffraction pattern as

notation, which is far away from the right growth

shown in Fig. 5d at ‐ 43° titling angle. In order to

direction of [101]. Therefore, the growth direction

precisely determine the growth direction of the

determined by two diffraction patterns is more

nanobelt shown in Fig. 7, we need another SAED

precisely compared to that determined by single

pattern, in which a diffraction spot corresponded

diffraction pattern or single HRTEM image.

vector is perpendicular to the growth direction.

Normally,

the

<0001>

growth

ZnO

1D

Although the tomography holder can tilt from ‐ 75°

nanostructure takes the wire morphology with

to +75°, it can only tilt in one direction. Therefore

hexagonal or quasi‐triangle cross‐section [41], while

we transferred the sample from tomography holder

the <2 0> growth 1D nanostructures are belt shape

to a double‐tilt holder and got a HRTEM image

with rectangular cross‐section [13]. Here the <2 3>

from the same nanobelt, which is shown in Fig. 8a.

or <101> growth 1D nanostructure can be a

The fast Fourier transformation (FFT) diffractogram

nanowire or a nanobelt as displayed in Figs. 5‐8

pattern from the HRTEM image is displayed in Fig.

depending on how large the {01 0} surfaces. The

8b, which can be index as along the [1 10] zone axis.

synthesized ZnO nanowires are free‐standing on

The projected side edge of the nanobelt is parallel to

substrate and no catalyst used in the growth

( 011) plane. Then, the normal direction of ( 011)

process. The formation of [2

plane is the second direction perpendicular to its

nanowires/nanobelts may due to the temperature

growth direction as we seeking for. Both (01 0) and

effect. For in situ observation of the ZnO nanosheets

( 011) diffraction spots are included in the [2 3]

growth in an environmental scanning electron

zone axis diffraction pattern as simulated in Fig. 8c.

microscope revealed the growth direction can be

Therefore, the nanobelt in Fig. 7 grows along the

switched from [0001] to [2

[2

3] direction, the same direction taken by the

nanowire in Fig. 5.

3] growth ZnO

0] by adjusting the

growth temperature [42]. Even on GaN substrate,
ZnO nanobelts could mainly grow along [01 3] at

7

relatively low temperature, then switched to [01 0]

Acknowledgements

at high temperature, and finally switched back to
[01 3] again when the temperature was cooled
down [43]. The [01 3] growth direction is solely
based on a HRTEM image [43], which may not be
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Innovation Program of the Chinese Academy of
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precise. However, it reveals that the temperature
takes the key role in the growth direction control of
ZnO 1D nanostructure.
4.
In

Conclusion
summary,

tomography

by

and

using
TEM,

the

HAADF‐STEM

we

systematically

reconstructed the 3D structures of ZnO nanowires
and nanobelts synthesized via vapor deposition
approach. Three low‐indexed growth directions
have been identified: <0001>, <2

0> and <2

>,

corresponding to the <001>, <100> and <101>
directions in the three‐index notation for hexagonal
structure. The nanowire/nanobelt grows along
<2

3> is identified for the first time. The 3D

structure of <0001> growth nanowires is likes a
triangle prism or a hexagon with exposed {01 0}
side surfaces. The 3D structure of <2 0> growth
nanobelt likes a ribbon with the large surfaces as ±
(0001) planes. The aspect ratio of the <2 0> growth
nanobelts is larger and can reach ~10.

The 3D

shapes of the <2 3> growth nanostructures can be
a hexagon or a thin ribbon. In these <2 3> growth
nanostructures, other than the dominant surfaces
belong to {01 0}, we have identified the { 101}
surfaces in the nanowire and { 112} surfaces in the
nanobelt as well. The <2 3> growth nanobelt has a
comparably small aspect ratio ~ 4. Our study
demonstrates

a

systematic

approach

and

methodology of how to use STEM tomography
together with TEM to uniquely identify the 3D
shape of a single‐crystal structured nano‐object,
which can be extended to determine the 3D
structures

and

surface

areas

of

different

crystallographic planes of a general nanostructure.

Electronic Supplementary Material: Movies S1‐S5
give the 3D presentation of the nanowires and
nanobelts discussed in the text. This material is
available in the online version of this article at
http://dx.doi.org/10.1007/s12274‐***‐****‐*
(automatically inserted by the publisher).
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FIGURES

Figure 1. a-f HAADF-STEM images of a <0001> growth ZnO nanowire viewed at different tilting angles, while the
tilting axis is marked by a red line in a. g and h the bright-field TEM image and the SAED pattern at a tilting angle of 8°.
i the reconstructed 3D structure. j the cross-section view of the nanowire to see all of the surfaces

11

Figure 2. a-e HAADF STEM images of a <0001> growth ZnO nanowire viewed at different tilting angles, the
tilting axis is marked by a red line in b. f and g the bright-field TEM image and the SAED pattern at a tilting
angle of 1°. h the reconstructed 3D structure. i. the cross-section view of the nanowire to see all the surfaces.
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Figure 3. a-e HAADF-STEM images of a <2 0> growth ZnO nanobelt viewed at different tilting angles,
the tilting axis is marked by a red line in e. f and g the bright-field TEM image and the SAED pattern at tilting
angle of 7°. h the reconstructed 3D structure. i. the cross-section view of the nanobelt to see all the surfaces.
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Figure 4. a-e HAADF-STEM images of a [2 3] growth ZnO nanowire viewed at different tilting angles, while the
tilting axis is marked by a red line in a. f-h reconstructed 3D structure viewing from different angles. The blue
arrowheads marked structures were successfully represented in the calculated structure.
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Figure 5. a, b and c, d are the bright-field TEM images and the SAED patterns recorded at tilting angles of -57°
and 33°, respectively. e the simulated diffraction pattern along the growth direction of [2 3]. f the cross-section
view of the nanowire taken from the reconstructed 3D shape to see all of the surfaces.

15

Figure 6. Cross-section view of the atomic structure models of a [2

3] nanowire (a) and nanobelt (b).

16

Figure 7. a-g HAADF-STEM images of a [2 3] growth ZnO nanobelt viewed at different tilting angles,
the tilting axis is marked by a red line in b. h the reconstructed 3D structure. i and j the bright-field TEM
image and the SAED pattern at a tilting angle of 47°. k the cross-section view of the nanobelt to see all of the
surfaces.
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Figure 8. a An HRTEM image from the same [2 3] growth ZnO nanobelt shown in Fig. 7. b the
diffractogram pattern calculated from a. c the simulated [2 3] zone-axis diffraction pattern.
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