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Abstract:



ZnO nanorod arrays (ZNAs) with vertically-aligned orientation were obtained by a two-step aqueous solution method. The morphology of the ZnO nanorods was regulated by changing the precursor concentration and the growth time of each step. ZnO nanorods with distinct structures, including flat top, cone top, syringe shape, and nail shape, were obtained. Moreover, based on the X-ray diffraction (XRD) and the transmission electron microscope (TEM) analysis, the possible growth mechanisms of different ZnO nanostructrues were proposed. The room-temperature PL spectra show that the syringe-shaped ZNAs with ultra-sharp tips have high crystalline quality. Our study provides a simple and repeatable method to regulate the morphology of the ZNAs.
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1. Introduction


In recent years, one-dimensional nanostructures, like nanorods, nanotubes, and nanowires, have attracted much more attention, due to their potential applications on the nanodevices, such as sensors, field emission, and detectors, etc. [1,2,3,4,5,6,7,8]. Among them, ZnO, as an important II–VI semiconductor with a direct band gap of 3.37 eV, larger exciton binding energy of 60 mV [9,10] at room temperature, and piezoelectricity [11], has attracted special interest. Especially, vertically aligned ZnO nanorod arrays (ZNAs), due to their non-toxicity, low-cost, large surface to volume ratio, and ease of large scale fabrication, can be employed in many devices, like solar cells, UV lasers, gas sensors, UV detectors, and photocatalysis [12,13,14,15,16,17,18,19,20]. Various methods have been used to synthesize ZNAs, including chemical vapor deposition (CVD) [21,22], pulsed laser deposition (PLD) [23], molecular beam epitaxy (MBE) [10,24], etc. Compared to these methods, the aqueous solution method [25,26] has emerged more recently, which paves a facile way to obtain preferred-aligned ZNAs on various substrates just by pre-coating a ZnO seed layer. Furthermore, the aqueous solution method is always conducted under low temperature (<95 °C), which extends its application on the temperature-sensitive substrates. However, until now, exact control over the morphologies of ZnO nanostructure during the solution growth is still a challenge, especially for some sophisticated structures. Furthermore, the growth mechanisms of ZnO nanostructures in solution are far from fully understood.



In this article, we proposed a two-step aqueous solution method to obtain preferred orientation ZNAs. The morphologies of the ZnO nanorods were regulated by changing the precursor concentration and the growth time in each step. ZnO nanorods with distinct structures, including flat top, cone top, syringe shape, and nail shape, were obtained. Moreover, based on the X-ray diffraction (XRD) and the transmission electron microscope (TEM) characterizations, the possible growth mechanisms of different ZnO nanostructrues were proposed. Our study allows to understand the growth mechanisms of the ZNAs with different morphologies in depth, and provides a simple and repeatable method to regulate the morphology of the ZNAs.




2. Materials and Methods


2.1. Substrate Preparation


Multi-crystalline silicon (mc-Si) wafers (~200 μm thickness) were selected as the substrates. The wafers were first etched to remove the saw damage in alkaline solution. Subsequently, a layer of SiNx was deposited on the front surface of the wafer by plasma enhanced chemical vapor deposition (PECVD), and the thickness was about 80 nm. Then the substrates were cut into ~50 mm × 50 mm pieces by laser and cleaned by acetone, ethanol, and deionized (DI) water successively, and dried by nitrogen gas.




2.2. Seed Layer Deposition


The ZnO seed layer was deposited on the SiNx surface using the sol-gel method. Firstly, zinc acetate dehydrate and equivalent molar monoethanolamine were dissolved in ethyl alcohol, then stirred for 2 h and kept at room temperature for 24 h to obtain a homogenous and clear sol (0.005 M). A few drops of sol were dripped onto the substrates and kept for a few seconds. Then the substrates were rinsed with ethyl alcohol and kept in a vacuum oven at 108 °C for 10 min. The former steps were repeated five times and then the gel-coated substrates were annealed in a furnace at 300 °C for 1 h to obtain a uniform ZnO seed layer on the substrate.




2.3. ZNAs Fabrication


The ZNAs were synthesized by a two-step aqueous solution method. The solution contained equal concentrations (0.01 M or 0.05 M) of zinc nitrate hexahydrate (Zn(NO3)2[image: ]6H2O) and methenamine (C6H12N4) as the precursors, and DI water as the solvent. Each solution was mixed thoroughly by magnetic stirring for 2 h, and then placed at room temperature for 24 h to obtain a homogeneous and clear solution. The substrates prepared above were divided into two groups for the following experiments. In the first step (T1), the substrates of Group 1 were kept face down and immersed into the solution with precursor concentration of 0.05 M at 95 °C for 2 h. After this treatment, the substrates were withdrawn from the beaker and rinsed thoroughly with DI water. The sample was labeled as H-0. In the second step (T2), five samples were chosen from the samples after T1 treatment, kept face down and immersed into the second solution with precursor concentrations of 0.01 M at 95 °C for 1 h, 2 h, 4 h, and 10 h, respectively. Other growth conditions remained unchanged. After all these treatments, the samples were rinsed with DI water thoroughly and dried at room temperature. The samples were labeled as H-1, H-2, H-4, and H-10, respectively. Meanwhile, two substrates of Group 2 were immersed in the solution with precursor concentration of 0.01 M in T1 for 2 h. Then they were withdrawn from the beaker and rinsed thoroughly with DI water. One of them was labeled as L-0, and the other was immersed into the solution with precursor concentration of 0.05 M in T2 for another 2 h, and other conditions remained the same. This sample was labeled as L-2. The growth conditions of the samples are shown in Table 1.


Table 1. Growth conditions of the ZNAs.





	
Sample

	
Growth Temperature (°C)

	
T1

	
T2




	
Precursor Concentration (M)

	
Growth Time (h)

	
Precursor Concentration (M)

	
Growth Time (h)






	
H-0

	
95

	
0.05

	
2

	
----

	
----




	
H-1

	
0.01

	
1




	
H-2

	
2




	
H-4

	
4




	
H-10

	
10




	
L-0

	
0.01

	
----

	
----




	
L-2

	
0.05

	
2











2.4. Characterization


The morphologies of the ZNAs were characterized by scanning electron microscopy (SEM) (HITACHI SU8010, Tokyo, Japan) and transmission electron microscope (TEM) (JEM-2100HR, Tokyo, Japan). The crystal structure and crystallographic properties of the samples were analyzed using X-ray diffraction (XRD) (RIGAKU D/MAX2200, Tokyo, Japan) with Cu-Kα as the radiation source within the 2θ range of 20–60° at a scan rate of 0.0167° step−1. The room-temperature photoluminescence (PL) properties were characterized using fluorescence spectrophotometer (HITACHI F-4500, Tokyo, Japan) with an excitation wavelength of 345 nm.





3. Results and Discussion


Figure 1 shows the morphologies of the samples of Group 1 with precursor concentration of 0.05 M in T1, and 0.01 M in T2 with different growth times. Figure 1a is the SEM image of the sample H-0, which was synthesized at 95 °C, with a precursor concentration of 0.05 M for 2 h in T1 and without T2 treatment. The nanorods are homogeneously distributed and perpendicular to the substrate. The diameter seems to be uniform along the nanorod and, as shown in the top view image (inset of Figure 1a), almost every nanorod is terminated with a flat hexagonal top and the average diameter is about 50 nm. Figure 1b,c are the cross-section images of the samples H-1 and H-2, respectively. As the time of T2 treatment increases, the diameter of the nanorod tapered on the top, like a cone shape. When the time of T2 increased to 4 h for the sample H-4, almost every nanorod is terminated with an ultra-sharp tip like a syringe, as shown in Figure 1d. The diameter of the needle tips is much smaller than that of the original nanorods. As the time of T2 continuously increased to 10 h, the lengths of the needle tips grow up and eventually transform to nanowires, as shown in the cross-section (Figure 1e) and the top view (Figure 1f) images of sample H-10. The nanowires originate from the tops of the prepared nanorods in T1 and are twinned with each other on the ends. The total length is about several microns.


Figure 1. The cross-section and top view (inset) images of the ZNAs synthesized with 0.05 M precursor concentration in T1 for 2 h and 0.01 M in T2 for: (a) 0 h (H-0); (b) 1 h (H-1); (c) 2 h (H-2); (d) 4 h (H-4); and (e) the cross-section and (f) the top view images of the ZNAs synthesized with 0.05 M precursor concentration in T1 for 2 h and 0.01 M in T2 for 10 h (H-10). The insets are their high-magnification images.
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Regarding the samples of Group 2, Figure 2a,b are the top view and cross-section SEM images of sample L-0, which was synthesized with 0.01 M precursor concentration in T1 for 2 h, and without T2 treatment. The ZnO nanorods are perpendicular to the substrate, and the diameter is almost uniform along the nanorod. However, the average diameter is around 32 nm, much thinner than sample H-0, as shown in Figure 1a, which was synthesized in a high precursor concentration. Figure 2c,d are the top view and cross-section SEM images of sample L-2, which was synthesized with 0.01 M precursor concentration in T1 for 2 h and 0.05 M precursor concentration in T2 for 2 h. As shown in the top view image, the nanorods exhibit a regular hexagon on the tops. The average diameter of the tops is about 58 nm. From the cross-section image, the nanorods are also perpendicular to the substrate, but the diameter is not uniform along each single rod. Instead, the diameter is very thin on the bottom, and increases from the bottom to the top along the nanorod, reaching its highest value on the top, like a nail shape.


Figure 2. (a,b) The top-view and cross-section SEM images of the sample L-0 which was synthesized with 0.01 M precursor concentration in T1 for 2 h without T2 treatment. (c,d) The top view and cross-section SEM images of the sample L-2 which was synthesized with 0.01 M precursor concentration in T1 for 2 h, and with 0.05 M precursor concentration in T2 for 2 h.
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Figure 3 shows the XRD patterns of the sample H-0, H-4, L-0, L-2, and the seed layer. The diffraction peaks correspond to the ZnO hexagonal wurtzite structure (JCPDS 36-1451). For each sample, only one diffraction peak was found at 34.54°, which indicates a prefered (002) orientation. No other diffraction peaks were detected, which indicates the high purity of the samples.


Figure 3. The XRD patterns of the seed layer and the sample L-0, L-2, H-0, and H-4.
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In order to further understand the growth mechanisms of the ZnO nanostructures, the TEM analysis was conducted on sample H-4. As shown in the low-resolution TEM images of Figure 4a,b, the syringe shape with obvious change in diameter is clearly exhibited in the images. Figure 4c,d are the high-resolution TEM (HRTEM) images of the corresponding selected areas of the red boxes in Figure 4b, which are the ultra-sharp tip and the thick bottom rod, respectively. The lattice spacing of 0.26 nm corresponds to the ZnO (0001) plane. Inset of Figure 4d is the corresponding selected-area electron diffraction (SAED) pattern. The results of the HRTEM and the SAED pattern indicate that the syringe-shaped ZnO nanorod grows along the [0001] direction, which corresponds to the XRD results.


Figure 4. (a,b) The TEM images of the syringe-shaped ZNAs of the sample H-4. (c,d) HRTEM images of the selected areas marked on the syringe-shaped ZnO nanorod shown in (b). Inset of (d) is the corresponding SAED pattern.
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In the aqueous solution condition, the ZnO crystals were obtained according to the following reactions. Initially, when Zn(NO3)2[image: ]6H2O was dissolved into the water, zinc ion (Zn2+) and nitrate ion (NO3−) were dissociated as the following Equation (1):


[image: ]



(1)







Methenamine is believed to act as a stabilizer, which can slowly hydrolyze in water and gradually produce ammonium ions (NH4+) and hydroxide ions (OH−) [27,28]:


[image: ]



(2)
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(3)





Zn(OH)42− and Zn(NH3)42+ ions are generally assumed as growth units which are formed after mixing and heating the precursor solutions as Equations (4)–(6) [29,30,31]. The ZnO crystal can be formed by dehydration of Zn(OH)42− and Zn(NH3)42+ as Equations (7) and (8):


[image: ]



(4)
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(5)
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(6)
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(7)
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(8)





The precursor concentration directly influences the amount of Zn2+ and OH−. At the beginning of the reaction, the pH values of 0.05 M and 0.01 M solution are 6.6 and 6.8, respectively. When the reaction continues for 1 h, 2 h, and 4 h, the pH value of 0.05 M solution remains constant at 5.3. The large decrease in the pH value may due to the reaction of Zn2+ and OH−, resulting in a large consumption of OH−. As for the 0.01 M solution, when the reaction continues for 1 h, 2 h, 4 h, and 10 h, the pH values are 5.6, 5.7, 6.1, and 6.3. At the early stage of the reaction, the pH value decreases, which is similar to the 0.05 M solution. However, as the reaction proceeds, the pH value increases slowly. This is because the gradually-released OH− ions are not consumed owing to the low amount of Zn2+ ions remaining in the solution after a period of growth.



The ZnO seed layer plays a vital role on the alignment of the ZnO nanorods. As shown in the XRD pattern (Figure 3, black line), the seed layer exhibits only a (002) diffraction peak, which indicates its high orientation with c-axis perpendicular to the substrate. Due to the natural properties of the polar crystal, the polar surfaces can be easily charged positively or negatively [25]. Thus, the ZnO seed layer surface consists of a positively-charged polar Zn2+-terminated (001) plane or a negatively-charged polar O2−-terminated ([image: ]) plane [30,32]. Then the surface can attract growth units of Zn(NH3)42+ or Zn(OH)42−, which can be dehydrated to form ZnO crystal. Continuously, the polar surfaces absorb the growth units and repeat dehydration to form ZnO crystal until the supply of growth units stops. Thus, the crystal growth rate is faster along the c-axis than other nonpolar surfaces [25]. It is easy to obtain ZnO nanorod arrays with high alignment perpendicular to the substrate with the ZnO seed layer.



The growth mechanisms of the syringe-shaped and the nail-shaped ZNAs are illustrated in Figure 5. The precursor concentration can influence the relative growth rate of different orientations, which is the key factor in determining the overall morphology of the ZnO crystal. Moreover, the growth rate of non-polar facets {0110} is more sensitive to the precursor concentration change than polar facets {0001}, which has also been detected by Zhang et al. [33]. In the T1 step, the supply of the growth units is stable during the early stage of crystal growth and, accordingly, the growth rate ratio of {0001} facets and {0110} facets changes very slightly. Thus, ZnO nanorods terminated with flat hexagonal tops were obtained, as shown in the sample H-0 (Figure 1a). If the precursor concentration in T2 is lower than that in T1, as shown in Figure 5a, the growth rate of [image: ] slows down, but pieces by laser and clean crystal maintains a relatively high growth rate on {0001} facets. The tops of the original nanorods serve as energetically-favored sites, so ZnO nanorods with cone-shaped tops were obtained, as shown in the sample H-1 and H-2 (Figure 1b,c). When the growth rate of [image: ] decreases to a critical value, the growth rate ratio of [image: ] and {0001} becomes stable in the current solution, and accordingly the nanorods will grow with uniform diameter again. Thus, syringe-shaped nanorods were obtained when the time of T2 extended to 4 h, as shown in the sample H-4 (Figure 1d). If the precursor concentration in T2 is higher than that in T1, as shown in Figure 5b, the growth rate ratio of {0110} and {0001} increases. However, confined by the nucleation sites, the diameter cannot increase suddenly, so the diameter of the nanorods enhances layer by layer until the growth rate ratio of {0110} and {0001} return to stable, nail-shaped ZNAs with inverted hexagonal pyramid tips forming, as shown in the sample L-2 (Figure 2c,d).


Figure 5. Schematic of the growth mechanisms of: (a) the syringe-shaped ZNAs; and (b) the nail-shaped ZNAs.
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Figure 6 shows the room-temperature PL spectra of the sample H-0, H-4, L-0, and L-2. All the samples exhibit a UV emission peak located at around 384 nm, which is attributed to the recombination of the free excitons (electrons from the conduction band and holes from the valence band) [34,35,36]. The sample H-4 shows a strong and sharp UV emission indicating its high crystalline. The green emissions are found ranging from 500 nm to 600 nm which are mainly attributed to the defects, such as O-vacancy, Zn-interstitial, and absorbed molecules [30,31,37]. O-vacancy has three different charged states: neutralized oxygen vacancy ([image: ]), single-ionized oxygen vacancy ([image: ]), and doubly-ionized vacancy ([image: ]). The electrons from the conduction band (CB) recombine with the doubly-ionized vacancies ([image: ]), which generate green emission. The single-ionized oxygen vacancies ([image: ]) capture electrons from CB, and then recombine with the photo-generated holes in the valance band (VB), which always generates a green emission. It is commonly believed that the oxygen-related species, such as O2 and OH− can be absorbed on the surface of ZnO nanorods. The electrons or holes captured by the O2 and OH− on the surface of ZnO nanorods can nonradiatively recombine [37]. The large surface-to-volume ratio will induce a high amount of O2 and OH− absorbed on the surface, which can capture more photo-generated electrons or holes. Nonradiative recombinations increase and, as a result, induce the decrease of green emissions. For our samples, H-4 with ultrasharp tips has the highest surface-to-volume ratio and, accordingly has the lowest green emission. The sample H-0, with the lowest surface-to-volume ratio, exhibits the highest green emission. L-0 and L-2 are in the middle levels.


Figure 6. Room-temperature PL spectra of the sample H-0, H-4, L-0, and L-2.
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4. Conclusions


In conclusion, the precursor concentration and the growth time in each step are the key factors to determine the morphology of the ZnO nanorods. By changing the growth conditions, ZnO nanorods with different morphologies, including flat top, cone top, syringe-shaped, and nail-shaped, were obtained. The growth mechanism of each nanostructure was discussed. The room-temperature PL spectra show that the syringe-shaped ZNAs with ultra-sharp tips have higher intensity of UV emission peak, indicating their high crystalline quality.
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