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Abstract

Using transmission electron microscopy, a new nano-phase structure of Zn0.75Ox induced by Zn-vacancy has been discovered to grow on

wurtzite ZnO nanobelts. The superstructure grows epitaxial from the f0 �110g surface of the wurtzite ZnO nanobelts and can be fitted as an

orthorhombic structure, with lattice parameters a 0Z2a, b0z
ffiffiffi

3
p

a and c 0Zc, where a and c are the lattice parameters of ZnO. The superstructured

phase is resulted from high-density Zn vacancies orderly distributed in the ZnO matrix. This study provides direct observation about the existence

of Zn-vacancies in ZnO.

q 2006 Elsevier Ltd. All rights reserved.

PACS: 61.72.Ff; 61.72.Ji; 68.37.Lp

Keywords: A. ZnO; C. Vacancy; C. Nanobelts; C. Superstructure; E. Transmission electron microscopy
1. Introduction

ZnO is a wide bandgap semiconductor of 3.4 eV [1], which

has many applications in optics, optoelectronics, sensors and

actuators [2–5]. Recently, with the success in synthesis of one-

dimensional nanowires and nanobelts [6], ZnO is becoming an

outstanding candidate for nanoscience and nanotechnology [7].

The as-synthesized ZnO nanostructures are usually n-type

semiconductor, which has been characterized by scanning

surface potential microscopy [8,9]. The excess electrons may

be introduced by the presence of hydrogen, Zn interstitials and/

or oxygen vacancies [10–12]. Furthermore, the n-type

character typically introduces compensating acceptor defects,

such as Zn vacancies and oxygen interstitials. Identification

and quantification of these point defects are important for their

electronic and optoelectronic applications. However, what are

the relevant native defects of this oxide is still controversial

[13–16]. Many studies have been carried out to define the

nature of the defects. The first-principle calculation by Kohan

et al. [12] found that the dominant native defects in ZnO are

oxygen and zinc vacancies. The positron annihilation

spectroscopy study of Tuomisto et al. [17,18] indicated that

the Zn vacancies act as the dominant acceptors. There is,
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however, lacking of a direct proof about the presence of Zn

vacancies in ZnO and the distribution of the vacancies in the

lattice.

In this work, a new Zn0.75Ox superstructure grown on ZnO

one-dimensional nanobelts has been discovered, which is

induced by the ordered Zn vacancies. The high-resolution

transmission electron microscopy (HRTEM) images recorded

from both [0001] and ½0 �110� directions directly show the

presence of Zn vacancies in the ZnO lattice. The Zn vacancy-

induced superstructure grows epitaxially from the f0 �110g
surfaces of the wurtzite structured ZnO nanobelts and can be

fitted as an orthorhombic structure, with lattice parameters of

a 0Z2a, b0z
ffiffiffi

3
p

a and c 0Zc, where a and c are the lattice

parameters of the wurtzite structured ZnO. This study provides

a direct observation about the existence of Zn point vacancies

in ZnO.
2. Experiment

ZnO nanobelts were synthesized by a solid-vapor deposition

process in a horizontal tube furnace [6]. Commercial grade

ZnO powders were placed at the center of a single zone tube

furnace. A polycrystalline alumina substrate was used for

growing the nanostructures. After evacuating for several hours,

the temperature of the system was elevated to the synthesis

temperature of 1370 8C with Ar carrier gas at the rate of

50 sccm. The pressure was kept at 500 mbar before the

temperature reached 800 8C and 200 mbar afterward.
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A transmission electron microscopy (TEM) study was carried

out at 400 kV using JEM 4000EX and at 200 kV using Hitachi

HF2000. The image simulation was done using the Cerius2

software [19].
3. Results and discussion

In a small fraction of the as-synthesized ZnO nanobelts

(!5%), TEM imaging and electron diffraction revealed the

existence of a superstructure in some local areas of the

nanobelts. Fig. 1(a) and (b) show bright-field TEM images of

two ZnO nanobelts. Their selected-area electron diffraction

(SAED) patterns are displayed in Fig. 1(d) and (e),

corresponding, respectively, to the incident electron

beam directions of [0001] and ½0 �110� of the wurtzite ZnO.

Combining the SAED patterns and TEM images, the

nanobelt in Fig. 1(a) grows along ½2 �1 �10� and takesGð0 �110Þ
planes as side surfaces, while the nanobelts in Fig. 1(b) takes

Gð0 �110Þ planes as top/bottom surfaces. Besides the diffractions

from wurtzite structured ZnO (indexed strong spots),

some weak super-lattices are also shown in the

SAED patterns, such at 1=2ð �2110Þ, w1=2ð0 �110Þ and

1=4ð �2110ÞC ð0001ÞZ ðK1=2 1=4 1=4 1 Þ. Using small

selected-area objective aperture, the super-lattice diffractions

in Fig. 1(d) were found to come from the islands at side-

surfaces of the nanobelt in Fig. 1(a), as enclosed by the white-

rectangle. The inset in Fig. 1(b) is an enlarged dark-field TEM
Fig. 1. (a) and (b) Bright-field TEM images of ZnO nanobelts, showing a

superstructured phase at the side and top/bottom surfaces of the wurtzite ZnO

nanobelts. The inset in (b) is a dark-field TEM image formed by the super-

lattice diffractions in Fig. 2(b). The top and bottom EDS spectra in (c) were

acquired from the superstructured area (b) and carbon film. (d) and (e) SAED

patterns from the nanobelts in (a) and (b), respectively. The weak reflection

spots come from the superstructured phase.
image formed by the super-lattice diffractions in Fig. 1(e),

indicates the brighter areas have the superstructure.

Examining the SAED patterns carefully, the superstructure

can be fit as an orthorhombic structure. The lattice parameter

measured from the SAED patterns in Fig. 1(d) and (e) can be

identified as a 0Z2a, b0z
ffiffiffi

3
p

a and c 0Zc, where aZ3.2539 Å

and cZ5.2098 Å are the lattice parameters of the wurtzite

structured ZnO [20]. The unit cell of the superstructure in

reciprocal space is emphasized in Fig. 1(d) and (e). The

relationship between the superstructure and wurtzite structured

ZnO can be described as ð010Þ0kð0 �110Þ; ½100�0k½ �2110�. The
extinction conditions of the superstructure in Fig. 1(d) and (e)

can be described as h00, hZ2n and h0l, hClZ2n, where n is

an integer [21]. The corresponding symmetry operations are 21
or 42 or 63 screw axis and n glide plane. Considering b 0sc 0, the

space group for the superstructure is likely to be P21nm (31) or

P21nb (33). The model based on HRTEM images to be

presented below shows that we cannot identify whether a

mirror plane nor a b glide plane perpendicular to c 0 axis due to

the unknown of the precise coordination of oxygen ions. This is

limited by HRTEM because of its less sensitivity to light

atoms.

Formation of the superstructure corresponds the existence of

long-range ordering. Such ordering can be induced by the

regular distribution of impurities or Zn, oxygen vacancies or

Zn, oxygen interstitials in the matrix. The energy dispersive

X-ray spectroscopy (EDS) analysis using a fine electron probe

(w3 nm) rules out the possibility of ordered impurities for

forming the superstructure (in Fig. 1(c)). The top and bottom

spectra in Fig. 1(c) were acquired from the bright-area in the

inset of Fig. 1(b) and the supporting carbon film of the TEM

grid as a reference, respectively. No other elements are

detected in the superstructured phase except oxygen and Zn.

HRTEM images indicate that the ordered Zn vacancies are

responsible for the superstructure formation. Fig. 2 is a

HRTEM image recorded form the rectangle-enclosed area in

Fig. 1(a) with the incident electron beam parallel to [0001]
Fig. 2. HRTEM image recorded from the rectangle-enclosed area in Fig. 1(a).

The inset is a simulated image based on the model shown in Fig. 3(a). The

parameters used for the simulation are: 400 kV, spherical aberration CsZ
0.5 mm, sample thickness as 2.3 nm, defocus asK28.67 nm, objective aperture

size 8 nmK1, focus spread 10 nm.
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direction of the wurtzite structure. The superstructure has an

epitaxial relationship with the wurtzite structured ZnO

nanobelt. Image simulations of the perfect wurtzite ZnO

crystal with electron beam along [0001] shows that, around the

Scherzer defocus, the dark contrast areas adjacent to the bright

dots in the HRTEM images correspond to the overlapped Zn

and oxygen columns within a large thickness range (1–10 nm).

The difference between the superstructured area and the perfect

area is the contrast change between those three nearby bright

dots, as indicated by the two white arrowheads. Based on the

ZnO structural model, we know that the contrast change may

be due to the variation of the occupancy of the Zn and/or

oxygen atoms in these columns. To match the image contrast, a

new structure model is proposed by removing either the Zn or

both Zn and oxygen from one projected column and the

simulation shows that the contrast change is only sensitive to

the missing Zn ions. With a resolution of 0.16 nm, HRTEM

image may not be sensitive to the oxygen atoms. Therefore, it

is clear that the defect area in the HRTEM image of Fig. 2 is

induced by high-density Zn vacancies.

Assuming the existence of Zn vacancies in the defect area

and not considering the oxygen vacancies, an atomic model of

the superstructure has been built as shown in Fig. 3 based on
Fig. 3. Atomic model of the superstructure, (a)–(c) projected atomic structures

along c 0, b 0, and a0 axes, respectively. Zn atoms, oxygen atoms and Zn-

vacancies are represented by balls in purple, red and yellow colors, respectively

(for interpretation of the references to color in this figure legend, the reader is

referred to the web version of this article).
the HRTEM image displayed in Fig. 2. The model projected

along c 0 axis, corresponding to projecting along [0001] of

wurtzite structure, is displayed in Fig. 3(a). Each projected ion

column contains alternately stacked Zn and oxygen ions. The

zigzag ordered Zn vacancies columns in the ð0 �110Þ planes form
the superstructure, which is consistent with the diffraction

pattern shown in Fig. 1(d). The positions of Zn vacancies are

marked in yellow. Rotating the model in Fig. 3(a) to project

along b 0 and a 0 axes, the structures in Fig. 3(b) and (c) are

received, respectively. The unit cell of the superstructure is

drawn in each of the projected model.

The simulated image based on the model in Fig. 3(a) was

inserted in Fig. 2, taking the sample thickness as 2.3 nm and

defocus as Scherzer defocus (K28.67 nm). The Zn vacancy

column shows shallow bright contrast, in good agreement to

the image contrast in the superstructured area. This means that

the proposed superstructure model is acceptable. On another

hand, due to the high density of Zn vacancies accumulated in a

set of ð0 �110Þ planes, the inter-planar distance of the ð0 �110Þ [or
(010) 0] planes must be compressed in comparison to those in

the perfect area. This effect is reflected in the SAED pattern,

showing that the g 0Z(200) diffraction from the superstructure

is a little bit longer than the gZ ð0 �110Þ of the perfect crystal

(see the parallel arrowheads pointed super-lattice reflections in

Fig. 1(d)), and thus the lattice parameter b 0 is a little shorter

than
ffiffiffi

3
p

a. Besides the zigzag-arranged Zn vacancies, there are

also some separated Zn vacancies in the atomic columns of

ZnO nanobelt matrix as pointed by arrowheads in Fig. 2.

The model in Fig. 3(b) corresponds to the projection along

b 0 axis or ½0 �110� direction, and it can be linked to the nanobelt

shown in Fig. 1(b). The superstructure is on the top or bottom

large-surfaces of the perfect ZnO nanobelt. In order to further

confirm our model, an observation from a different angle is

required. The HRTEM images from the nanobelt shown in

Fig. 1(b) were recorded, which was oriented along ½0 �110�, an
angle of 908 from the beam direction for the case in Fig. 2. The

image and simulation based on our model shown in Fig. 3(b)

have been compared in Fig. 4(a). To include the effect of the

substrate effect of the wurtzite ZnO, we carried out the

simulation by adding perfect ZnO beneath the model shown in

Fig. 3(b). The simulated image is inserted in Fig. 4(a). The

sample thickness and defocus used in the simulation are 2.4 nm

and Scherzer defocus (K28.67 nm). The thicknesses of the

perfect part and superstructured part are taken to be 1.2 nm

each. Comparing the experimental image with the simulated

one, we know that the dark contrast areas correspond to atom

columns. As a reference, an HRTEM recorded from the perfect

area (by side of the superstructure area shown in Fig. 4(a))

under the same experimental conditions is shown in Fig. 4(b).

The distinct difference between Fig. 4(a) and (b) is due to the

existence of the ordered Zn vacancies. The two arrowheads in

Fig. 4(a) indicate the positions of the Zn vacancies, which

slightly enhance the local intensity.

The HRTEM images and simulation results in Figs. 2 and 4

reveal that the superstructure is formed by ordered Zn

vacancies. The extra charge introduced by high-density Zn

vacancies in the superstructured area may be neutralized in two



Fig. 4. HRTEM images recorded from the nanobelt shown in Fig. 1(b): (a) from

the overlapped area between superstructured phase and the ZnO nanobelt. The

inset is a simulated image based on the model presented in Fig. 2(b). The

parameters used for the simulation are: 400 kV, spherical aberration CsZ
0.5 mm, objective aperture size 8 nmK1, focus spread 10 nm; (b) from the ZnO

substrate, which serves as a reference.
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ways. One way is creating compensative oxygen vacancies.

The oxygen vacancies may also exist, but our HRTEM is

unable to detect oxygen due to its small atomic number. If the

superstructured area also suffers from high-density oxygen

vacancies, the local mass density (formulated as Zn0.75O0.75,

just 75% of the density of perfect ZnO crystal) will be too low

to make the ion-to-ion bonding stable. Another way is

absorbing hydrogen at a local area. There are many studies

discussing that hydrogen can serve as relevant shallow donors

in ZnO [10,22,23]. It could be possible that the adsorbed

hydrogen at the surfaces balance the extra charge of the Zn

vacancies, making it possible to form a metastable phase of

Zn–O.

The result in Fig. 5 is interesting and may gently support the

existence of Zn vacancies in the superstructured phase. The
Fig. 5. (a) and (b) Bright-field TEM images and the corresponding SAED

patterns of a nanobelt, before and after being irradiated by a converged electron

beam at 400 kV, showing the instability of the superstructured phase and its

sensitivity to electron beam.
inset SAED pattern in Fig. 5(a) recorded from the whole area

indicates the existence of superstructures, which are located at

Gð0 �110Þ side surfaces of the nanobelt, as pointed by the

arrowheads. Just converging the electron beam of energy

400 keV to illuminate on the nanobelts, the contrast of the

superstructure showed obvious change in one minute, and the

result is presented in Fig. 5(b). The inserted SAED pattern from

the whole area in Fig. 5(b) shows no super-lattice diffractions.

It means that the superstructured phase was destroyed by the

electron beam irradiation. HRTEM investigation shows that

the superstructure areas become amorphous. Thus, the super-

structure is more sensitive to high-energy electron beam

compared to ZnO nanobelt matrix.

Regardless of whether oxygen vacancies exist or not, our

TEM study on the superstructure and the ZnO nanobelt matrix

reveals that the Zn vacancies are abound in this material and a

new phase of ZnO0.75Ox is formed. This discovery shows that

the ZnO nanobelts can have up to 25% of Zn vacancies at least

at a local area. Thus, the Zn vacancies should be the dominant

acceptors.
4. Conclusion

In summary, using high-resolution transmission electron

microscopy, we have identified a new superstructured

nanophase in ZnO nanobelts. The superstructure grows

epitaxially from the f0 �110g surface planes of the wurtzite

structured ZnO nanobelts and can be fitted as an orthorhombic

structure, with lattice parameters of a 0Z2a, b0z
ffiffiffi

3
p

a and c 0Z
c. Our results provide a direct observation about the existence

of ordered Zn vacancies in ZnO, and has answered a long-

standing question about point defects in ZnO. This will be

important for guiding the doping and modification of the

electronic properties of ZnO.
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