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Abstract ZnO nanowires (NWs) were synthesized on

Au-coated Si (100) substrates by vapor transport method.

The effect of high temperature annealing on the structural

and chemical composition as well as thermal stability was

studied. The as-prepared ZnO NWs was nearly stoichi-

ometric and identified as hexagonal ZnO phase. After

annealing at 1,473 K, the atomic ratio of O/Zn, the inten-

sity of the diffraction peaks, and the diameter of nanowires

were increased. The ZnO NWs were fragmented into

nanocrystals and the fragments coalesced with each other

after annealing at 1,673 K. The thermal stability of ZnO

NWs was studied by thermo-gravimetric (TG) analysis. A

sharp increase in the TG curves was observed and can be

attributed to the oxidation of some possibly presented Zn

atoms. The activation energy of oxidation of Zn interstitial

atoms was found to be 484.81 kJ mol-1. A mass gain peak

was observed after annealing at 1,473 K, but it was com-

pletely eliminated after annealing at 1,673 K.

Keywords ZnO NWs � Vapor transport � Annealing �
Thermal stability

Introduction

ZnO nanomorphologies are extensively investigated due to

ease of synthesis, excellent control over morphology, and

excellent optical and electrical properties [1–4]. In

particular, ZnO one-dimensional (1D) nanostructures are

attractive material platform for chemical and biological

sensors [5, 6], field-emission materials [7], self-powered

photodetectors [8], dye-sensitized solar cells [9], piezo-

electric [10], and thermoelectric devices [11].

ZnO 1D nanostructures can be synthesized by several

techniques including vapor processes using metal organic

chemical vapor deposition (MOCVD) [12], magnetron

sputtering [13], pulsed laser deposition [14], as well as wet

chemical processes, such as hydrothermal decomposition

[15] and electrochemical reaction [16]. The most employed

vapor process method is the vapor transport technique,

where zinc or zinc oxide powder is evaporated in the

middle of a horizontal tube furnace heated at 873–1,323 K

[5, 7, 17–21]. The vapor is then carried by gas stream and

condenses forming the nanostructures. The growth

parameters, such as the temperature of the feedstock and

substrates, pressure, catalyst, gas flow rate, and oxygen

content can be adjusted to grow the structures of interest.

The growth process typically takes from 15 to 60 min.

Many device fabrication processes involve high tem-

perature annealing (dopant activation, ohmic contact for-

mation, implantation repairs), so the effect of temperature

on the properties of the NWs is crucial to the realization of

nanodevices based on ZnO NWs [18]. Annealing can

improve the field-emission (FE) characteristics of ZnO

NWs [22]. Additionally, the stability at higher tempera-

tures is a request for the application of ZnO NWs as

oxygen gas sensor which usually operates at high temper-

atures [23]. Therefore, in this article we have reported on

the synthesis of ZnO NWs using vapor transport technique.

The effect of high temperature annealing on the chemical

and structural properties of ZnO NWs has been investi-

gated. In addition, the thermal stability of ZnO NWs has

been also studied by thermo-gravimetric analysis.
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Experimental

ZnO nanostructures were synthesized by thermal evapo-

ration method with vapor–liquid–solid (VLS) growth

technique where Zn metal granules, *2 mm diameter

(Aldrich chemicals; 99.95 %), were placed at 1,173 K in

an alumina boat at the center of the quartz tube furnace

(internal diameter 3.6 cm and length of 60 cm). The

synthesis was carried out on Au-coated (*25–30 nm) Si

(100) wafers (cut into 1 cm 9 1 cm and ultrasonically

cleaned). The substrates were coated using AC Ion sput-

tering device (JFC-1100E), Mixture of high-purity argon

and oxygen gases was flowed into the tube furnace at

flow rates 200 and 20 sccm, respectively, to push the

gaseous precursors from the furnace center to deposit on

the substrates. The time of deposition was 30 min. After

deposition, the furnace was cooled down to room tem-

perature, and some of the deposited material was scrat-

ched from the Au-coated Si (100) substrates.

Subsequently, some samples were separately annealed in

air at 1,473 and 1,673 K for 60 min, respectively, to

investigate the changes in the crystalline structure and

morphology.

The surface morphology and crystal structure of the

synthesized nanostructures were characterized by scanning

electron microscope SEM (type JOEL model JSM-6380

LA) and X-ray diffraction XRD (type Shimadzu Diffrac-

tometer XRD 6000, which utilizing CuKa radiation

(k = 1.54056 Å), respectively. The chemical composition

of the synthesized nanostructures was analyzed using

energy dispersive analysis of X-ray (EDAX) unit attached

with the SEM. The powder scratched out of the substrate

was used for thermo-gravimetric analysis (TG) measure-

ment (with heating rates = 5, 10, 20, 30, and 40 K min-1).

The TG measurements were carried out using Shimadzu

DTG-60AH Thermo-gravimetric Analyzer. The samples

(mass app. 2.7 mg) were heated in a standard platinum pan

from room temperature to 1,773 K.

Results and discussion

SEM and EDAX for as-prepared and annealed samples

The morphologies of the as grown ZnO nanostructures on

Au-coated Si substrates with low and high magnifications
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Fig. 1 SEM images of as-prepared ZnO NWs grown on Si substrate with low (a) and high (b) magnifications. (c) EDAX spectrum of as-

prepared ZnO NWs grown on Si substrate
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are shown in Fig. 1a, b. The data reveal that products are

nanowires, randomly oriented on the Si substrate, including

some nanoparticles. The SEM investigations allow deter-

mining the diameter and length of nanowires, which were

found to be in ranges of 65–146 nm and 0.8–2.1 lm,

respectively. The growth mechanism of ZnO nanowires

may proceed via the following steps. The oxygen/argon

gas-mixture stream transports Zn vapor from the molten

feedstock to the substrate. The next stage is the impinge-

ment of the precursors from the gas phase on the substrate,

then effectively condensation of the precursors and nano-

structure nucleation. During the growth process and due to

the high temperature, Au islands can melt into Au liquid

droplets (dots) and then they are able to capture the vola-

tiles transported by the gas stream forming a eutectic alloy.

Precipitation of Zn occurs when the supersaturation is

reached, and the nanowires originate from the liquid Au-

catalytic droplets. The nanowires continue to grow by the

vapor–liquid–solid (VLS) mechanism [19, 24, 25]. For-

mation of the ZnO nanoparticles may be ascribed to the

long deposition time (30 min) where all Au-catalyst was

exhausted in forming nanowires after a period of time and

thus the incoming volatile precipitate among nanowires in

the form of ZnO nanoparticles.

The chemical composition of the as-synthesized ZnO

nanostructure characterized by the EDAX is shown in

Fig. 1c. It is found that the nanostructure mainly composed

of Zn and O. The observed Si peak originates from the Si

(100) substrate. The atomic percents of Zn and O elements

are 52.12 ± 2 and 47.78 ± 2 at %, respectively. Note-

worthy, different positions of ZnO nanostructure were

examined and show almost the same ratio of O/Zn. This

confirms that the prepared ZnO is nearly stoichiometric.

SEM images for the sample annealed at 1,473 K, with

low and high magnifications, are shown in Fig. 2a–c.

Obviously, the shape of the wires is significantly deformed.

The deformation is accompanied with the increase in

diameter and length of the nanowires , which are found to

be in the ranges of 359–620 nm and 1.1–2.4 lm, respec-

tively. The EDAX spectrum of the sample annealed at
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Fig. 2 SEM images of ZnO NWs annealed at 1,473 K with low (a), (b) and high (c) magnifications. (d) EDAX spectrum of ZnO NWs grown on

Si substrate and annealed at 1,473 K
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1,473 K is depicted in Fig. 2d. The atomic percentages of

Zn and O are 49.13 at % and 50.87 at %, respectively,

which indicates that the oxygen ratio increased upon

annealing at 1,473 K.

Figure 3a–c shows SEM images for samples annealed at

1,673 K. The images illustrate that the 1D ZnO NWs

transformed to 0D nanoparticles and they coalesced toge-

ther so that it is difficult to distinguish individual nano-

particles. The coalescence may occur through atomic

diffusion and rearrangement which are effectively accel-

erated due to large surface area of nanowires [26, 27]. The

EDAX analysis of the sample annealed at 1,673 K

(Fig. 3d) reveals atomic percentages of Zn and O elements

as 39.82 at. % 60.18 at. %, respectively. This implies a

reduction of Zn element and present of an over stoichi-

ometric of oxygen. The reduction of Zn element upon

annealing has been observed previously by Kim et al. [28]

for ZnO/SiOx core–shell nanowires annealed at 1,173-

1,273 K.

XRD examinations for as-prepared and annealed ZnO

NWs

Figure 4a–c shows XRD patterns of the as-prepared and

annealed ZnO NWs. All the diffraction peaks can be

identified as hexagonal ZnO structure (JCPDS file no.79-

0208) with lattice constants of a = 3.27 Å and

c = 5.20 Å. No diffraction peaks of pure Zn phase or other

impurities can be observed confirming that the sample

crystallizes in single ZnO phase [29]. Noteworthy, the

crystal orientation was found to be significantly dependent

on the annealing temperature. To be specific, the intensities

of the induced peaks (except that of the (004) peak)

increase by annealing at 1,473 K and the peaks shift about

(0.04�) toward higher 2h. After annealing at 1,673 K, the

intensity of the peaks (002), (101), (102), (103), and (112)

significantly increases which indicates that the orientation

of the ZnO nanocrystals in these directions is favorable

[30, 31]. The XRD peaks of the sample annealed at
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Fig. 3 SEM images of ZnO NWs annealed at 1,673 K with low (a), (b) and high (c) magnifications. (d) EDAX spectrum of ZnO NWs grown on

Si substrate and annealed at 1,673 K
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1,673 K show a shift of 0.22� toward lower 2h as compared

with those of the as-prepared sample ZnO. The lattice

constants of the sample annealed at 1,673 K are

a = 3.28 Å and c = 5.23 Å. Palni et al. [32] examined the

effect of the post deposition annealing on the ZnO NWs.

They observed that the diffraction peak intensities

increased, the peaks became narrower and the crystallinity

of the NWs significantly improved. They attributed this to

the increase in the average diameter of the nanowires and

reduction in the strain, as a result of heat treatment. Similar

observations have been reported by Manzoor and Kim [33],
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Fig. 4 XRD patterns of as-prepared ZnO NWs (a), annealed at

1,473 K (b) and annealed at 1,673 K (c)
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Fig. 6 TG curves at different heating rates (Q = 5, 10, 20, 30 and

40 K min-1) of as-prepared ZnO NWs powders

Table 1 Calculated values of Ts/K and Tf/K at different heating rates

Q/K min-1 Ts/K Tf/K

5 951.2 1598.5

10 1210.2 1620.4

20 1293.6 1651.1

30 1325.4 1670.1

40 1428.8 1689.3
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and Mekasuwandumrong et al. [34] for post-annealed ZnO

nanocombs and ZnO nanoparticles, respectively.

FTIR analysis

Inside any material, there are different bonds vibrate with

different frequencies, so they can absorb different fre-

quencies of the IR light. When a frequency of the IR light

resonates with the frequency of particular vibrational

mode, the IR light will be absorbed causing stretching or

bend increasing of the bonds. The FTIR spectra of the as-

synthesized and, annealed ZnO nanostructures at 1,473 and

1,673 K were recorded over the range of 300–4,000 cm-1

and depicted in Fig. 5. The broad absorption band around

3,460 cm-1 is due to the O–H stretching vibration of water

molecules while the band at 1,640 cm-1 indicates –OH

bending. The band at 2,360 cm-1 is due to the adsorbed

atmospheric CO2. The bands appear within the range of

600–350 cm-1 characterize the Zn–O bond and crystal

lattice vibrations (see the inset of Fig. 5) [35–37]. In the

case of the sample annealed at 1,473 K, there are slight

changes in the positions and intensities of the absorption

bands of the Zn–O bond. This indicates that annealing at

1,473 K has slight effect on the wurtzite structure of the

ZnO as confirmed above from the XRD results. Upon

annealing at 1,673 K, a new strong band appears around

1,382 cm-1 and a pronounced change in the absorption

bands positions and intensities of the Zn–O bonds can be

observed. The newly appearing band at 1,382 cm-1 may be

ascribed to the chemical interaction of the ZnO surface

with the oxygen of the C=O group because the annealing

process of the FTIR was carried out in the ambient atmo-

sphere. This confirms that the nature of the bonds is

strongly affected by annealing at 1,673 K.

Thermo-gravimetric analysis (TG)

The TG curves recorded at different heating rates (Q = 5,

10, 20, 30, and 40 K min-1) of the ZnO powder are shown

in Fig. 6a. Clearly, the water and gases adsorbed in the

sample and the crucible are removed below 873 K. In the

analyses of our results, this part of the mass loss curve is

ignored. The mass loss increases gradually with increasing

temperature up to a certain value (Ts) beyond which a sharp

increase starts to occur. This sharp increase is attributed to

the oxidation of some possibly existed Zn atoms. It has

been stated previously that the transition metals oxides

prepared by the vapor transport method generally contain

excess metal atoms in the interstitial positions of the oxide

and cannot strictly reach the stoichiometry in normal

conditions [19, 25, 38–40]. This is clearly seen from the

presence of a sharp mass gain in the TG curve. After that

the oxidation gradually slows down and a huge mass loss

starts at certain temperature (Tf) denoting completion of the

oxidation process. Here Ts and Tf are the onset and the end

of oxidation, respectively, and are determined and listed in

Table 1 using the well-known way shown in Fig. 6b. The

values imply that they shift to higher temperatures as the

heating rate increases.

To determine the activation energy, the peak tempera-

ture of the oxidation (Tf) at different heating rates (Q) was

applied to Kissinger model:

ln
Q

T2
f

� �
¼ � Ea

RTf

þ constant, ð1Þ

where R is the universal gas constant, Ea is the activation

energy. The kinetic parameter can be determined from

graphs of the logarithm of Q divided by the square of
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temperature that measured at the maximum of oxidation

(Tf) versus the reciprocal of Tf as shown in Fig. 7. The

activation energy is the minimum amount of energy

required for oxidation. It was found that the value of Ea for

ZnO NWs is 484.81 kJ mol-1.

Thermal stability is the stability of a molecule at high

temperatures, i.e., a molecule with more stability has more

resistance to decompose at high temperatures [41–43]. The

thermal stability of a system depends on its free energy,

where the lower the free energy, the more stable is the

system. Under normal conditions, wurtzite ZnO is ther-

modynamically stable. Figure 8 shows the TG curves

measured at heating rate 20 K min-1 as a function of

temperature for the as-prepared and annealed samples. The

mass gain peak (oxidation peak) observed for the as-pre-

pared sample still appears for the sample annealed at

1,473 K. This means that annealing in air at 1,473 K for

60 min is not sufficient for full oxidation of the all Zn

atoms i.e., the sample still stable. However, the sample

annealed at 1,673 K does not show any mass gain peak

(oxidation peak), confirming that annealing in air at

1,673 K for 60 min is optimum condition for full oxidation

of Zn atoms in the ZnO NWs.

Conclusions

Well-crystallized ZnO NWS were successfully synthesized

by vapor transport method. The effect of annealing at

higher temperatures on structural and compositional prop-

erties as well the morphology was investigated. Annealing

at 1,473 K increases the intensity of the diffraction peaks

and the diameter of the NWs. However, by annealing at

1,673 K, the 1D NWs transform to 0D nanoparticles which

coalesced with each other. The TG plots revealed the

presence of Zn interstitial atoms in the ZnO NWs that were

not oxidized during growth in the system. The activation

energy required for full oxidation of the Zn atoms was

found to be 484.81 kJ mol-1 which can be realized by

annealing at 1,673 K. Stability of the Zn interstitial atoms

at high temperature confirms the feasibility of using the

synthesized ZnO NWs as gas sensors at high temperatures.
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