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Abstract:

 In this work, we have modified the experimental setup for a vapor-solid (VS) process to synthesize Zinc oxide (ZnO) microtubes (MTs) with lengths up to 3 mm during a 90-min growth period. The critical idea behind this modification is to control the distribution of Zn vapor along the Si substrates. The morphology evolution of ZnO structures with the increasing reaction time was particularly explored. We found that, within the 90-min growth period, four different types of ZnO microstructures appeared in this synthesis process: microrods (MRs), short MTs, two-tier structures, and long MTs. Growth mechanisms were proposed to interpret the formation of these structures.
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1. Introduction

Zinc oxide (ZnO), one of the most important functional materials, has attracted wide attention because of its unique semiconducting, piezoelectric, and optoelectronic properties, which have promising applications in electronics [1], optoelectronics [2], photodetectors [3,4], power generators [5] and microfluidic devices [6], to name a few. In the past few decades, substantial effort has been devoted to the optimization of its chemical composition [7,8,9], morphology [1,10,11,12,13], and crystal size [14,15]. Meanwhile, various synthetic methodologies have been explored to make new structures [16]. The commonly applied methods to grow 1-D ZnO micro/nanostructures mainly include vapor [17,18,19] and solution-phase approaches [20,21,22,23]. Solution-phase methods have been widely proposed and employed to construct precise morphology due to their low growth temperatures and good potential for scale-up. However, due to their low growth rates (because of low synthesis temperatures), long ZnO microstructures are difficult to achieve using these approaches [23,24,25]. On the other hand, in contrast to nanostructures, long microstructures are relatively easy to manipulate under an optical microscope and integrate into functional circuits. High processing temperatures are adopted in vapor-phase approaches, enabling these approaches to have high growth rates. Accordingly, the vapor-phase approaches are often applied to grow long ZnO microstructures, which are also employed in this work.

As members in the family of 1-D ZnO structures, wires and tubes have recently received much attention due to their unique structures and potential applications in the fields of piezoelectric generators, solar cells, surface modification, fog collection, and so on [24,25,26,27,28,29,30,31,32]. To the best of our knowledge, until now, a challenge still exists in the rational design and facile synthesis of long ZnO microtubes (MTs), although ZnO nanotubes [33,34,35,36,37] have been extensively studied in recent years. Aqueous solution routes [38,39] were used for fabricating ZnO MTs with poly-crystalline structures. In order to improve the crystal quality, microwave-heating method [40] has been applied to synthesize single-crystalline ZnO MTs, whose lengths and diameters are 250 and 80 μm, respectively. In addition, ZnO MTs have also been grown in molten alkali metal salt [41]. The as-prepared MTs were up to 250 μm in length with high polydispersity. However, this method involves impurity ions, and the properties of the product may be affected by the unintentional contamination. To circumvent the limitations of the existing methods in synthesizing long ZnO MTs, we have developed a modified vapor-phase setup in this work.



2. Experimental Setups


2.1. Previous Setup

Figure 1(a1) shows part of a setup that we have previously used to grow ZnO wires [42]. It includes a horizontal tube furnace, a graphite crucible, and a quartz boat. ZnO and graphite powders are mixed in the graphite crucible, which is subsequently placed in the center of the furnace. A Si substrate is put on the quartz boat. The quartz boat consists of a horizontal plate and a movable vertical support. The horizontal plate has a small step on its front side. The substrate is put between this step and the vertical support (Figure 1(a1)). By moving the vertical support forward or backward along the horizontal plate, the substrate can be tilted at different angles. Consequently, the orientation of this substrate can be adjusted between 0° and 90° relative to the incoming gas flow. Other researchers usually set the tilt angle to be 0° when growing ZnO structures [43,44]. However, we varied the tilt angle to examine its effect on synthesized products [42]. The quartz boat is positioned in the middle of the furnace. Afterwards, the tube in the furnace is heated up from room temperature to 950 °C. Subsequently, Ar and O2 gases are introduced into the reactor. Meanwhile, Zn vapor is continuously generated by carbothermal reduction of ZnO powder in the graphite crucible, following the chemical reaction: C(s) + ZnO(s) → CO(g) + Zn(g). The produced Zn vapor is brought over by the incoming gas flow to the Si substrate, and has reaction with O2 over there to produce ZnO wires. After the high temperature is maintained for 90 min, Ar and O2 systems are switched off and the furnace is cooled naturally to room temperature.

Figure 1. (a1) Side view of part of a setup previously employed to synthesize ZnO wires, and (a2) flow patterns around the Si substrate for 60° tilt angle; (b1) Side view of the new setup used in this work to grow Zinc oxide (ZnO) microtubes (MTs), and (b2) top view of the jar-like container, on which two Si blocks are placed as product collectors.
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In the previous work [42], we also simulated the flow patterns over the Si substrate when its tilt angle varied from 0° to 80° with an increment of about 15°. We found: (i) the tilt angles affect the corresponding flow patterns, resulting in ZnO wires with different lengths and densities, and (ii) the incoming flow hits the small step located on the front edge of the horizontal plate, jumps up and subsequently flows down towards the Si substrate (Figure 1(a2)).



Under steady-state conditions of gas flows, the concentration of a reactant on the surface, ns, is determined by several factors as given below [45,46]:
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(1)




where ng is the concentration of reactant in the gas flow, ks is the surface reaction constant, δ is the thickness of a boundary layer on the substrate, and D is the gas phase diffusivity constant. The boundary layer encloses a relatively stagnant layer through which the gaseous reactants have to diffuse in order to reach the surface of the substrate to form the nanowires. Outside this layer the fluid flows with a constant bulk speed, as if there is no friction. δ was considered to be the distance between the substrate and the point with speed 0.99U∞, where U∞ was the bulk speed.
By Equation (1), when other factors are fixed, ns decreases with δ. As δ approaches zero, ns equals ng, and the growth process is dominated by the concentration of reactants in the incoming gas flow. When δ is very large, ns approaches zero and the growth of the nanowires is limited by the transport of reactants across the boundary layer. Therefore, according to flow pattern illustrated in Figure 1(a2), the concentrations of both gases are higher on the top surfaces of formed ZnO structures than on the sidewalls of these structures during the process of generating these structures, and the concentrations of these gases are lower at a location close to the small step than at a place far away from this step. Thus, ZnO wires were generated on the substrate, and their lengths and densities increase with the increase in the distance between the small step and the growth spots. For example, when the substrate was tilted at an angle of 60°, the density and length increased from 0.1 × 107 wires/cm2 and 0.5 μm at a location beside the small step to 5.4 × 107 wires/cm2 and 12 μm at the other end of this 16-mm-long substrate. These results clearly indicate that geometric dimensions of grown ZnO products are affected by the surrounding flow pattern. Motivated by this point, in this work, we originally desired to modify the flow pattern through a new setup. We expected to grow long ZnO wires through this new setup. However, to our surprise, long ZnO MTs were synthesized instead, as will be addressed in detail in Section 3.



2.2. Modified Setup

The modified setup used in this work is shown in Figure 1b. It includes a horizontal tube furnace and a jar-like quartz container (A.M. Quartz Co., Grainesville, FL, USA). The tube is 55 cm long and has a diameter of 4.4 cm. The jar-like quartz container is about 1 cm tall. The diameters of its bottom surface and top opening are 3 and 1.2 cm, respectively. ZnO powder (Fisher Scientific Co., Pittsburgh, PA, USA) and graphite powder (Sigma-Aldrich Co., St. Louis, MO, USA) with equal weight (0.5 g) are mixed and put into this container. Two identical Si blocks are placed on the opening of the container in a parallel manner, serving as substrates for growing ZnO MTs. The distance between the two blocks is 6 mm. Each block is 3 cm long, 5 mm wide and 500 μm thick. These blocks are cut out of a 4-inch Si wafer using a dicing saw (model: Disco AD3220, Disco Co., Tokyo, Japan). After being loaded with source materials and Si blocks, the container is placed in the center of the furnace. During a growth process, the tube in the furnace is heated at a rate of 30 °C/min from room temperature to 950 °C, and this temperature is then fixed for different times to generate different ZnO structures. Before we switch on the tube furnace, 80 standard cubic centimeters per minute (sccm) of Ar and 2 sccm of O2 gases are introduced into the reactor. The flow rate of the mixed gases remains unchanged during the whole process. The jar-like container ensures that the mixed source materials have a large contact surface at the bottom surface for producing enough Zn vapors, and that its narrow outlet increases the speeds of these Zn vapors over the two Si blocks.

The new setup also includes a horizontal tube furnace. On the other hand, it has two critical differences from previous setup. First, ZnO and graphite powders are loaded in a jar-like quartz container, instead of in a quartz boat. Second, two Si substrates are placed on the top of the quartz container (not on a quartz boat). As will be addressed in Section 3, these two differences result in new flow patterns around Si substrates.




3. Results and Discussion


3.1. The Evolution of ZnO Structures

Figure 2 shows ZnO MTs that were grown on the sidewalls of two Si blocks during a 90-min period. ZnO seeds appeared on the Si substrates from around 900 °C. Herein, we considered this point as the starting time in our study. The lengths of these MTs vary from 2.4 to 3 mm, and their outer and inner diameters are about 18 and 9.8 μm, respectively.

Figure 2. (a) Top and (b) side views of ZnO MTs grown on the sidewalls of two Si blocks (optical images). Representative (c) side and (d) top views of ZnO MTs (SEM images).
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To understand the evolution of ZnO morphology during this 90-min growth period, we prepared eight pairs of identical Si substrates, and ZnO structures were grown on these substrates using the setup shown in Figure 1b for different times. As illustrated in Figure 3 and shown in Figure 4, the generation of MTs with lengths up to 3 mm includes four steps, and different ZnO structures were observed in these steps. At the beginning of the first step (t = 0–2 min), ZnO seeds, which had a form of nanoparticles, were firstly formed on the sidewalls of Si blocks (Figure 3a and Figure 4a). Figure 4a shows a SEM image of the ZnO seed layer on the Si substrate. Since there was a gradient in the concentrations of Zn vapor from one edge to the other, the thickness of the seed layer also has a gradient. As shown in Figure 4(a2), the edge of Si substrate was densely covered by ZnO particles with a mean diameter of ~1 μm. Continuous feeding of Zn vapor into favorable nucleation sites of ZnO seeds causes the continued growth. ZnO microrods (MRs) were subsequently formed on the seeds. Each MR has hexagonal cross-sections, implying that it grew along its c-axis (Figure 4b). The MRs grew up to 10 μm long at the end of the first step, their widths varied from 1 to 3 μm, and the distances between the tips of two neighboring microwires (MWs) were less than 3 μm.

Figure 3. Schematics of synthesized products in the four periods. Many rows of MTs are produced during the growth process, while only a row of them is shown in each set of drawings for illustration purpose. (a) First; (b) second; (c) third; (d) fourth period.
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Figure 4. ZnO structures generated on sidewalls of Si blocks during four growth periods (SEM images): (a) preformed ZnO seeds; (b) MRs in Step I; (c–d) MTs in Step II; (e–f) MWs on the wall of MTs in Step III; and (g–h) long MTs in Step IV. The corresponding growth times are given in the corresponding images. (a1–h1) perspective and (a2–h2) close-up views of the ZnO structures.
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In the second step (t = 2–20 min), short MTs were synthesized on top of short MRs (Figure 3b and Figure 4c–d). At the end of this step, the MT portions have lengths up to ~500 μm; their outer and inner diameters were in the ranges of 8.8–10 μm and 8–8.8 μm, respectively. The distances between the tips of two neighboring MT portions were in the range of 6–75 μm. The distance between the tips of the 1-D structures increased with the growth time, namely, the space between the ZnO microstructures increases as the fan-shaped distribution.



In the third step (t = 20–50 min), MWs were formed on top of the short MTs (Figure 3c). Such MWs appeared at the beginning of this step (Figure 4e). They could grow as long as 100 μm and their diameters ranged from 0.5 to 2 μm (Figure 4f). The distances between the tips of two neighboring incomplete MTs were in the range of 75–100 μm. The two-tier structures, which consisted of short MTs and MWs, had total lengths of 500 μm to 1.9 mm.

In the fourth step (t = 50–90 min), long MTs were produced after the MWs were merged as new portions of the MTs [47], and they were also thickened due to continuous generation of ZnO on their sidewalls (Figure 3g–h). At the end of this step, the MTs ranged from 2.4 to 3 mm in their lengths, and their average outer and inner diameters were about 18 and 9.8 μm, respectively. The distances between the tips of two neighboring MTs ranged from 5 to 25 μm.

In this work, we simply focused on the synthesis and geometric structures of the MTs, and did not examine the crystalline structures of these MTs. According to the results of [48], the synthesized MTs may have polycrystalline structures.





3.2. Growth Mechanism

Mechanisms are proposed to explain the production of the four types of ZnO structures (Figure 5). We consider that these structures are produced mainly due to different Zn vapor concentrations around the tops and sidewalls of ZnO structures in the corresponding growth periods.

Figure 5. Flow patterns of Zn vapors around ZnO structures in (a) first, (b) second, (c) third, (d) fourth steps, and (e) diffusion of O2 gas to the sidewalls of two Si blocks (not to scale).
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As illustrated in Figure 5a, in the first step, Zn vapors were produced on the bottom of the quartz container, went up to its opening, and flowed over the sidewalls of the two Si blocks. Some vapors were absorbed onto the sidewalls. Meanwhile, O2 were transported into the furnace, and spread all over the tube. O2 reacted with Zn vapor at the surfaces and sidewalls of the Si blocks, first producing ZnO seeds and then MRs over there. The temperature in the furnace rose at a rate of 30 °C/min. At the beginning of the formation of Zn vapor, the temperature was below 900 °C. Accordingly, the growth rate was slow because of the low Zn concentration, resulting in the formation of MRs.

In the second step (Figure 5b), the flow patterns around the block sidewalls changed due to the existence of ZnO MRs. The part of Zn vapors which flowed along the sidewall directly penetrated into the gaps between ZnO MRs. However, the other part of Zn vapors that did not flow directly along this sidewall has a flow pattern similar to the one shown in Figure 1(a2), and the pre-existent ZnO MRs served in the role of a small step in making this happen. Accordingly, in this case, the flow speeds of ZnO vapors that passed over the top surfaces of ZnO MRs are lower than those around the sidewalls of these rods. This implies that δ around the sidewalls of ZnO MRs is thinner than on their tops. Thus, the Zn concentrations around the sidewalls of ZnO MRs were higher than on the top surfaces of ZnO MRs. Subsequently, along c-axis, the reaction rates of Zn vapor and O2 gas at the top edges of the MR sidewalls are higher than in the central areas of the top surfaces (Figure 5b2), producing holes in these central areas (Figure 3b).



With the increase of the reaction time, a hole was almost found on every MR. The hole gradually became deeper, and its diameter also increased at the same time. Similar mechanisms have been previously proposed to explain the generation of ZnO nanotubes [20,49]. The critical point behind these mechanisms is also that the concentrations of reactants around the top edges of the MR sidewalls of ZnO structures are much higher than those on the tops of these structures.

In the third step (Figure 5c), due to the increase in the outer diameters of MTs, the gaps between the MTs became narrow (Figure 5(c2)). Accordingly, this induced additional resistance to penetration, thus decreasing the amount of Zn vapor that penetrated into these gaps and reducing the Zn concentration around the sidewalls of ZnO MTs. Consequently, the reaction rate was reduced on the top edge of an MT sidewall, yielding MWs on the top of the MT.

An extended solid wall did not appear in the third step due to two possible reasons. First, the ZnO vapors were not uniformly distributed on the top surface of an MT, making the growth rates of ZnO at some spots of this surface higher than those at other spots. Due to the same reason, MRs, instead of a ZnO layer, appeared on the sidewall of a Si block in the first step of the growth process. Second, the reduction in the Zn concentration slowed down the lateral growth of a ZnO structure. This made the isolated ZnO wires that initially appeared on the top of an MT difficult to merge together to form a solid wall within a short time. Accordingly, MWs were clearly observed on the top of an MT during this step.

In the fourth step (Figure 5d), the MWs gradually increased both in lengths and widths, and eventually merged together along their lateral directions to form a new portion of the MT sidewall, resulting in a long MT. At the end of this step, some of these MTs on the sidewall of either Si block are as long as 3 mm. From the observation, these oppositely-grown pairs of MTs have a total length over 6 mm. Accordingly, the long MTs blocked the gap between the two Si blocks, which was originally 6 mm wide. Meanwhile, the Zn vapors were still able to penetrate into the gaps between the sidewalls of neighboring ZnO MTs, emerging around these sidewalls. Accordingly, the MTs continuously increased their thicknesses during this step, as proved by Figure 4(h2).

As illustrated in Figure 5e, O2 gas flowed over the gap between the two Si blocks during a growth process. Subsequently, it diffused downwards everywhere inside this gap. During the first three steps, O2 was considered to have an approximately uniform distribution around the top and sidewall of a ZnO microstructure due to two reasons. First, both the distance between two neighboring microstructures and that between the sidewalls of the two Si blocks are large, making O2 easy to get into the tops and sidewalls of the microstructures. Second, the Si blocks are only 500 μm thick, making O2 also easy to cover the whole sidewall of a Si block through diffusion. However, in the fourth step, since the distance between the sidewalls of the two Si blocks was gradually reduced to zero due to the growth of long MTs, O2 mainly got to the sidewall of an MT through the gaps between the sidewalls of the MTs. Part of this gas might further get to the tip of an MT by diffusion. However, the O2 concentration at the tip should be lower than its counterparts in the first three steps, since O2 could not directly diffuse to the tips of MTs in the fourth step through the gaps between these tips. Thus, the chemical reaction mainly occurred on the sidewall of an MT, which thickened the MT. In the meantime, the longitudinal growth of the MT was slowed down.

In summary, the production of MR in the first step and the emergence of MWs in the third step are both induced by the situation that Zn vapors around the sidewalls of ZnO structures are less than, or just comparable to, those on the top surfaces of these structures, while the formation of the MTs in the second step and the merging of MWs in the fourth step are caused by much higher Zn concentrations around the sidewalls of ZnO structures in comparison with those on the tops of these structures.




4. Summary and Conclusions

In summary, we developed a new experimental setup for synthesizing ultra-long ZnO MTs using a vapor-solid (VS) process. The lengths of the MTs reached 3 mm under optimized conditions. The distribution of Zn vapors in this setup is different from that in the conventional one. At the beginning of the VS process, Zn vapors were adsorbed onto the sidewall of the Si wafer and reacted with oxygen, which first generated ZnO seeds and then produced MRs. Due to the influence of the existing ZnO MRs, hollow structures were synthesized in the following step. During the subsequent growth, ZnO MWs were formed on the top surface of the ZnO MTs, and they were further merged together to form new portions of the tubes. Finally, the wall thickness of the MTs increased with the reaction time. The critical point behind this phenomenon is the different distributions of Zn vapors on the top and sidewall of existing ZnO structures. Based on the mechanism we proposed, this strategy could be used to construct 1-D ZnO structure with new morphological features. Due to their long lengths, the produced ZnO MTs might be easily integrated into a device to make photodetectors [3], for example, on the basis of their excellent UV photoresponse properties [32]. They could also be applied, for instance, to guide a tiny flow. Moreover, since the developed approach is both catalyst and seed free, in addition on Si substrates, this approach is also suited to producing ZnO MTs on other substrates, such as alumina plates, sapphire wafers, and quartz plates.
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