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As a functional material, ZnO nanocolumns will be widely used in optoelectronic and microelectronic devices, but the 
research on ZnO nanocolumns produced by hydrothermal method has been rarely reported. In this study, we used 
hydrothermal method to grow ZnO nanocolumn arrays under different parameters (seed-layer thickness, growth time, zinc 
source), and compared their structure, morphology and optical properties. These ZnO nanocolumns exhibit good 
homogeneity and crystalline quality. The increase of seed-layer thickness and growth time is beneficial to obtain nanocolumn 
arrays with high transmittance and good alignment along the c-axis. The photoluminescence spectra show that the samples 
have strong yellow-green and red emissions, which makes them potentially useful in display devices. 
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1. Introduction 
 

The new-generation of microelectronics and 

optoelectronic devices often need to meet the requirements 

of light weight, high strength, and low energy 

consumption. Therefore, nanostructured materials will 

play a very important role in the new generation of 

microelectronics and optoelectronic devices. There are 

many kinds of nanomaterials, including nanowires, 

nanosheets, nanofibers, nanorods, nanotubes, 

nanocolumns, etc. [1-5]. Among them, metal-oxide 

nanocolumns have attracted much attention from 

researchers because of their excellent physical properties 

[6-10]. For example, Li et al. [11] prepared 

La0.67Sr0.33MnO3 films with epitaxial nanocolumn arrays 

by self-assembly method, which exhibit adjustable 

magnetic properties. Singh et al. [12] synthesized 

In2O3-SiOx nanocolumn arrays using GLAD, which have 

good humidity sensing performance. Mamat et al. [13] 

obtained ZnO nanocolumnar arrays by magnetron 

sputtering. They found that by changing the oxygen flow 

rate, the structural characteristics such as the length of 

those nanocolumns can be adjusted to change their optical 

properties and ultraviolet sensing performance. Meng et al. 

[14] synthesized CeO2 nanocolumns by hydrothermal 

method, which showed good room temperature 

ferromagnetism. Pietrzyk et al. [15] prepared ZnMgO 

nanocolumns through MBE technology, which showed 

good UV emission performance. 

Among many nanocolumns materials, ZnO 

nanocolumns have attracted wide attention due to their 

excellent optical and electronic properties [15-17]. By 

consulting the literatures, it is known that the reported 

ZnO nanocolumns are mostly prepared by magnetron 

sputtering [10, 13], MBE [15], vapor transport [16] and 

other methods. The cost of preparing ZnO nanocolumns 

using the above methods is high. Due to the simple 

equipment and low cost, hydrothermal method has been 

widely used to prepare nanostructured materials. For 

example, Meng et al. [14] synthesized CeO2 nanocolumns 

by hydrothermal method. However, ZnO nanocolumns 

grown by hydrothermal method are rarely reported. In this 

study, ZnO nanocolumns were grown by hydrothermal 

method, and the effect of growth parameters on the 

structure and optical properties of ZnO nanocolumns were 

revealed. The results reported in this paper are helpful for 

the development of ZnO-based micro-nano devices in the 

future. 

 

 
2. Experimental 
 

2.1. Growth of ZnO nanocolumns by hydrothermal  

    method 

 

In order to understand the effect of zinc source on 

ZnO nanocolumns, zinc nitrate and zinc acetate were used 

for comparison. In the growth solution, the concentration 

of Zn ion was 0.05 mol/L. Hexamethylenemethine with 

the same concentration as zinc ion was added to the 

growth solution as an alkali source. The mixture produced 

above and a glass slide with a pre-deposited ZnO seed 

layer were put into a hydrothermal autoclave and kept at 

90 ℃ for different times to reveal the effect of growth 

time. A total of four different samples were prepared. For 

clarity, the four sample names and their growth conditions 
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are listed in Table 1. Once the set growth time was 

reached, the samples were removed from the hydrothermal 

autoclave, washed with ethanol and demonized water for 

three times, and then dried by an infrared lamp. The 

samples were not post-annealed.  

 

2.2. Apparatus or methods to characterize sample  

    properties 

 

The structural properties of the nanocolumn arrays 

were analyzed by XRD using Bruker D8 diffractometer. 

The morphological features were analyzed by FE-SEM 

(S-4800). The chemical composition was determined by 

XPS. The transmittance and absorption spectra were 

recorded by UV-Vis spectrophotometer (TU-1901). The 

photoluminescence behavior of the samples was studied 

by a spectral detector (LabRAM HR800) using He-Cd 

laser as light source. 

   

 

3. Results and discussion 
 

3.1. The morphology, phase and composition of the  

    samples 

 

Fig. 1 displays the morphology images of the samples 

produced by hydrothermal method. It can be noticed that 

dense nanocolumn arrays have been grown on the ZnO 

seed-layer. From the top-view images, it can be clearly 

seen that these nanocolumns are hexagonal in plane.

  

 
 

Fig. 1. Morphology images of ZnO nanocolumns grown by hydrothermal method 
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Compared with sample A1, the alignment of 

nanocolumns for other samples is more orderly, and 

almost every nanocolumn is perpendicular to the substrate 

surface, which indicates that the thicker seed-layer is more 

favorable to grow regularly aligned nanocolumns. A2 and 

A3 are the samples with the same thickness seed-layer and 

the same growth time. There is basically no difference in 

appearance for A2 and A3, except that the diameter of the 

nanocolumns grown with the solution containing zinc 

acetate is slightly thicker than that grown with the solution 

containing zinc nitrate. Such results have also been 

reported by other researchers [18]. Compared with other 

nanocolumns, the ones in sample A4 are longer, which is 

due to the longer growth time. 

Fig. 2 shows the XRD patterns of ZnO nanocolumns. 

These patterns reveal that all the ZnO nanocolumns exhibit 

a high growth-orientation along the (002) plane regardless 

of the growth parameters, which means they are highly 

c-axis oriented. With the extension of growth time, the 

(002) diffraction peak of ZnO nanocolumns is gradually 

increased, which is due to the increase of the length of the 

nanocolumns and the higher alignment along the c-axis 

direction. This is consistent with the SEM observation 

results. Fig. 3 shows the XPS spectra of sample A2. The 

carbon signal in the energy spectrum should come from 

the carbon-containing substances in the air adsorbed on the 

sample surface. The high-resolution O 1s energy spectrum 

is obviously not geometrically symmetrical, indicating that 

the oxygen on the surface of ZnO nanocolumns is in 

different chemical states. After Gaussian fitting, it is found 

that the O 1s line is composed of several sub-peaks. The 

sub-peak at 530 eV is derived from the lattice oxygen 

bonded to Zn2+ [19]; the sub-peak at 531.3 eV is usually 

ascribed to oxygen vacancies (VO) [20]; and the sub-peak 

at high-energy position (532.2 eV) is believed to be 

derived from oxygen-containing substances such as 

hydroxyl groups adsorbed on the surface of ZnO [19, 20]. 

The existence of lots of oxygen vacancies on ZnO surface 

has different significance for different applications. For the 

ZnO-based UV light-emitting devices, lots of surface 

oxygen vacancies are harmful. However, for ZnO-based 

photocatalysts or gas sensors, a great number of surface 

oxygen vacancies may be advantageous [21]. 

 

 

 
 

Fig.2 XRD patterns of the samples (color online) 

 

 
 

Fig. 3. Typical XPS spectra of A2 (color online) 
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3.2. The optical properties of the samples 

 

Fig. 4 displays the transmittance spectra of the 

samples. A1 sample shows the lowest transmittance, while 

the transmittance of other samples has been greatly 

improved. This is due to the more orderly arrangement of 

ZnO nanocolumns in A2, A3 and A4.  

 

 
Fig. 4. Transmittance spectra of the samples (color online) 

Fig. 5 gives absorption spectra for the samples and the 

optical bandgaps derived from the absorption spectra. All 

the samples exhibit low absorption in the range of 400-800 

nm as shown in Fig. 5 (a). It is concluded that the higher 

the alignment of nanocolumns is, the lower the absorption 

of visible-light is. This is because if the alignment of the 

nanocolumns is higher, the less light will be scattered 

between the nanocolumns and correspondingly less light 

will be absorbed. The optical bandgaps of the samples are 

about 3.20 eV, with little difference. They are close to the 

bandgaps of ZnO nanostructures grown by hydrothermal 

method reported by others. For example, the bandgap of 

ZnO nanorods prepared by Zirak et al. is 3.28 eV [22]; the 

bandgap of ZnO nanopowders synthesized by Robkhob et 

al. is 3.25 eV [23]. The difference in bandgaps comes from 

different deposition conditions, annealing treatments, and 

doping impurities. 

 

 

 

 
 

 

 
 

Fig. 5. (a) Absorption spectra and (b) bandgaps of the samples (color online) 

 

The light emission of ZnO nanomaterials has received 

extensive attention of lots of researchers. Due to the 

abundance of ZnO raw materials, the ease of preparation of 

nanomaterials, and the diversity of emission wavelengths, 

ZnO has great potential application in solid-state white 

light-emitting devices and display devices. Fig. 6 (a) shows 

the photoluminescence spectra of the samples. The samples 

display a weak UV emission with a strong visible emission; 

it is similar to the luminescence behavior of many ZnO 

nanomaterials prepared by hydrothermal method [23-25]. 

In order to determine the visible emission centers, we select 

the spectral line of A2 for Gaussian fitting, as shown in Fig. 

6 (b). It shows three visible emission centers with 

wavelengths of 526, 569 and 626 nm respectively. This is 

very similar to the luminescence behavior of pure ZnO and 

Ni doped ZnO nanoparticles prepared by hydrothermal 

method reported by Robkhob et al. [23]. ZnO with this 

characteristic luminescence behavior may have a potential 

application in displays [26]. The green emission of ZnO has 

been widely explored. Although there is no consensus on its 

emission mechanism, most researchers suggest that it is 

related to the single ionized VO defect [20, 27]. Moreover, 

the above XPS spectrum of A2 confirms the existence of 

surface VO. Therefore, we believe that the green emission at 

526 nm originates from the electron transition related to the 

energy level of single ionized VO. For the yellow-green 

emission at 569 nm, some researchers suggest that it is 

bound up with the double ionized VO [28]. For the red 

emission with a wavelength of 626 nm, it may be related to 

the hydroxyl or oxygen adsorbed on the ZnO surface [26]. 

As the growth time increases, the UV emission is enhanced, 

while the visible emission is weakened significantly. This 
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means that with the increase of growth time, the lattice 

defects on the surface of ZnO nanocolumns are reduced and 

the crystallinity is improved.   

 

 
 

Fig. 6. (a) Photoluminescence spectra and (b) Gaussian fitting  

of the spectral line of A2 (color online) 

 
Table 1. ZnO nanocolumns grown by hydrothermal method 

and their growth conditions 

 

Sample 

name 

Zinc source Growth 

time 

Seed layer 

thickness 

A1 

A2 

A3 

A4 

Zinc acetate 

Zinc acetate 

Zinc nitrate 

Zinc acetate 

1.0 h 

1.0 h 

1.0 h 

1.5 h 

120 nm 

250 nm 

250 nm 

250 nm 

 

 

4. Conclusions 
 

In this study, ZnO nanocolumns were fabricated using 

hydrothermal method. The experimental results show that 

the thicker seed-layer is more conducive to obtain ZnO 

nanocolumns with high transmittance and better alignment 

along the c-axis. The extension of the growth time 

increases the length of the nanocolumns, reduces the 

defects on the surface of the nanocolumns, and improves 

the crystal quality. Using zinc nitrate or zinc acetate as the 

zinc source has little effect on the morphology, optical 

transmittance and bandgap of ZnO nanocolumns. The 

optical bandgap of these ZnO nanocolumns is around 3.22 

eV. The nanocolumns show strong yellow-green and red 

emission. 
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