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ABSTRACT 
 

Growth of a multitude of zinc oxide nanostructures has 

been achieved without the use of catalysts at atmospheric 

pressure in less than 10 minutes at low power (65WRF) in 

an inductive heating apparatus. Scanning electron 

microscopy shows an array of nanostructures including 

nanocrystals, tetrapods, telescopic tetrapods, and nanowires 

which do not appear to be terminated with a catalyst. X-ray 

diffraction analysis shows growth is c plane orientated, and 

energy dispersive x-ray elemental analysis shows sharp 

peaks for zinc and oxygen, without the presence of 

common catalytic growth materials such as copper or gold. 

 

Keywords: zinc oxide, inductive heating, nanostructures, 

nanowires, vapor-solid mechanism. 

 

1 INTRODUCTION 
 

Zinc oxide (ZnO) quasi-one-dimensional (Q1D) 

structures such as nanowires, nanobelts, nanorods, and 

nanotubes generate great research interest due to their 

potential applications as nanolasers, electro-optical switch, 

biochemical sensors, and hydrogen storage media [1]. The 

versatility of application of ZnO nanostructure is attributed 

to the fact it is a wide-band gap semiconductor (Eg = 

3.37eV), with an excess of mobile charges due to 

significant oxygen vacancies [2]. Like gallium nitride 

(GaN), ZnO Q1D structures have been shown to be 

exceptional emitters and absorbers of ultra-violet light due 

to a 60meV exciton binding energy. ZnO is an intrinsic, n-

type semiconductor with experimentally derived electron 

mobility of up to 200cm
2
/V-s and hole mobilities ranging 

from 5 to 50 cm
2
/V-s. While the instability of p-doped ZnO 

is currently limiting the functionality of light-emitting ZnO 

PN junction devices, recent research in overcoming this 

technological bottleneck showed great promise [3,4]. In 

addition, ZnO is a non-centrosymmetric ionic crystal with a 

wurtzite (b4) crystal structure, similar to gallium nitride, 

zinc sulfide, and diamond, and it is therefore able to exhibit 

piezoelectric properties [5] due to this unique crystal 

structure. The piezoelectric property of nanoscale ZnO is 

more pronounced than bulk ZnO. For instance, the 

piezoelectric coefficient (d33) for single crystal ZnO 

nanobelts has been quantified as a frequency-dependent 

response with a maximum of 26.7pm/V (at 20kHz exication 

of the (0001 surface), compared to 9.93 pm/V for bulk ZnO 

[6]. This has been largely attributed to the fact that ZnO 

nanobelts are perfectly crystalline and relatively free of 

dislocations.  

To date, most methods of fabricating highly crystalline 

ZnO nanostructures require the use of catalysts and long 

processing time (in the range of hours) [7,8]. While the 

potential applications of ZnO nanostructures are vast, slow 

fabrication process and use of catalyst limit the widespread 

use of ZnO nanostructures.  A process that could synthesize 

ZnO nanostructures at a high rate, low power, in the 

absence of catalysts is not only desirable, but an imperative 

if ZnO nanostructures were to find widespread scientific, 

industrial, and commercial applications.  

We demonstrate a rapid and catalyst-free method of 

synthesizing ZnO nanostructures on Si(100) using a low-

power (65W) inductive heating process. Inductive heating 

systems have been used in many metallurgical industrial 

processes for at least the last fifty years. The mechanisms 

by which magnetic and conductive materials are inductively 

heated are well understood. Extensive numerical methods 

and models have been developed to optimize energy 

transfer for inductive heating systems [9]. Theoretical 

models such as the Biot-Savart law for magnetic field 

intensity at a given point can be used in conjunction with 

skin depth heating due to induced current density to a give 

an accurate temperature profile of the object being heated 

[10]. Our preliminary results show that we could grow ZnO 

nanostructures of specific geometries ranging from ZnO 

nanocrystals, tetrapods, to nanowires, within several 

minutes. The growth is achieved purely via a vapor-solid 

(VS) mechanism, instead of the more commonly employed 

vapor-liquid-solid (VLS) mechanism that necessitates the 

use of catalyst such as Au [11].  

 

2 EXPERIMENTAL 
 

The inductive heating system used in this research 

consisted of a 13.56MHz 600W signal generator, and an 

adjustable auto-matching network configured for an 

inductive load. ZnO nanostructures were synthesized in a 

quartz process tube as shown in Figure 1. As shown, the 

process tube is held in a vertical position and connected to 

argon and oxygen gas supply. All experiments are 

conducted in a growth environment that was filled with 

oxygen and argon at pre-determined ratios at approximately 

760 torr. In this experimental setup, a 25 mm
2
 silicon (100) 

chip (“growth chip”) was centered on a larger (100 mm
2
) 

chip (“heating chip”) that has a pre-deposited layer of 

nickel coating. Zn powder was evenly distributed on the 
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Figure 1: Synthesis method to grow ZnO nanostructures 

using an inductive heating system. Growth occured via a 

vapor-solid (VS) process when Zn powder was evaporated 

and combined with oxygen, which later precipitated on Si 

(100) surface. 

 

heating chip prior to placing the growth chip. During the 

heating process, magnetically induced eddy current heated 

the Ni layer on the heating chip to a temperature that was at 

or above the boiling point of Zn, vaporizing the Zn powder. 

Subsequently, Zn vapor combined with oxygen to form 

ZnO nanocrystals, which precipitated on Si (100) surface, 

forming nucleation sites for further ZnO growth. 

As an additional note, the inductive coils used were 

made of 2mm solid core copper wire coated with high 

temperature ceramic paint. To maintain maximum working 

efficiency, jets of compressed air were used to cool the 

coils. The inner diameter of the coils was approximately 

20mm and there were 8 turns of copper wire per coil. The 

spacing between turns was minimal to prevent shorting. 

The quartz process tube had an OD of 20mm and an ID of 

16mm. 

 

3 RESULTS & DISCUSSION 
 

Using the synthesis method outlined above, a variety of 

crystalline ZnO nanostructures of different morphologies, 

dimensions, and geometries was synthesized and 

subsequently characterized by techniques such as scanning 

electron microscopy (SEM), electron dispersive x-ray 

(EDX), and x-ray diffraction (XRD). Well-defined 

terminations and the absence of catalyst of many of the 

nanostructures as seen with the SEM suggested that the 

growth of the nanostructures followed the VS mechanism. 

In a VS process, nanostructures can be grown in the 

absence of a catalyst, via a thermal evaporation and 

condensation step [11]. XRD data suggested the crystals 

were predominantly wurtzite(b4)-based structures. Given 

that (002) was the predominant peak on the XRD, it 

indicated that the growth was largely along the c axis, 

terminating either in a Zn or O plane. 

The morphologies and dimensions of crystalline ZnO 

nanostructures were found to be influenced by several 

factors, among them, partial pressures of argon and oxygen 

gases, crystal structure of the growth substrate, and the 

temperature of growth substrate. We investigated the 

influence of partial pressures on the nanostructures. In 

general, lower O2 concentration in the process tube 

corresponded to finer nanostructures grown. We studied the 

growth of ZnO nanostructures using 10:90 (10% O2), 1:99 

(1% O2) and 0:100 (less than 1% O2) O2:Ar mixtures. In 

terms of the dimensions of the nanostructures, the effective 

range in which there was an observable nucleation and 

deposition of structures smaller than one micron was 0% - 

10% oxygen in an argon atmosphere. Structures with 

diameters less than 100nm commonly occurred with an 

estimated oxygen concentration of less than 1%. It was 

observed that O2 content significantly influenced the 

morphology of ZnO nanostructures: higher O2 (up to 10% 

O2) content encouraged the formation of large nanocrystals 

with nominal diameter of 500nm, while lower O2 content 

favored the formation of tetrapods (at 1% O2) and 

nanowires (less than 1% O2) (Figure 2).  

 

(a)

(b)

(c)

 
 

Figure 2: SEM of ZnO (a) microcrystals, (b) telescopic 

tetrapods, (c) nanowires grown by a vapor-solid (VS) 

process by means of induction heating. Scale bars indicate 

200nm. 
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When grown at 1% O2, majority of the as-grown 

structures were nanoscale ZnO tetrapods (200-300nm 

diameter) and other hierarchical micro and nanostructures 

of ZnO, such as tetrapods and “telescopic” tetrapods where 

small-diameter (50-150nm) and long (up to 1.1 µm) 

nanowires were observed to grow from the centers of the 

top facets of each leg in the tetrapods, forming telescopic 

hierarchical ZnO nanowires. Figure 3 shows a schematic 

these two types of tetrapods grown at 1% O2. In terms of 

the other nanostructures formed, several nanostructures 

were observed in lesser quantities, these included telescopic 

tetrapods that were formed from nanowires of three or four 

different diameters and star-shaped ZnO nanostructures.  

At even lower concentration of oxygen (<1% O2), ZnO 

nanowires were formed. When the process chamber was 

thoroughly purged with Ar prior to and during ZnO 

synthesis (i.e. < 1% O2), no tetrapods were observed, 

instead, two groups of ZnO nanostructures formed: (i) 

slender ZnO nanowires (majority), and (ii) hierarchical, 

telescopic ZnO nanowires (minority). The majority of the 

ZnO nanowires had nominal diameters of 60-100nm and 

nominal lengths of up to 3µm. Figures 4 and 5 show the  

XRD and EDX patterns of these ZnO nanowires, which 

reveal that the ZnO nanowires grew in predominantly 

[0001] directions and were relatively free of contamination. 

For the group of telescopic ZnO nanowires that constituted 

a minor percentage of all ZnO nanowires produced, as one 

moves along the length of the nanowires in the [0001] 

direction, as many as two step reductions in diameter had 

been observed in the crystalline region of the nanowires, 

with diameters reducing by as much as 75% during the 

growth of the nanowire. We hypothesize that this might be 

the result of surpassing a certain critical Zn vapor pressure 

at which a given diameter ZnO nanowire can form. It points 

to the possibility that diameter in the longitudinal direction 

of a ZnO nanowire can be designed in a “quantized” 

fashion, and that strict diameter dimensional control can be 

achieved through tuning Zn vapor and O2 partial pressures. 

Post-synthesis annealing temperatures also influenced 

the dimension and areal density of ZnO nanostructures 

formed, as shown in Figure 6. After a post-synthesis 

annealing step of 850°C at 1 atm for 1 hour, the diameters 

of ZnO nanowires increased significantly (Figure 6 (b)). 

The exact cause of such an increase is currently under 

investigation and is suspected to be due to residual Zn that 

was present on the growth chip, which combined with 

ambient oxygen to form ZnO that added further to the 

formed ZnO nanowires and increased their sizes. In 

addition to the increase in lateral dimension, the geometry 

of the nanowires also changed from being hexagonal to a 

less defined and more circular cross section. This points to 

the possibility that the growth of ZnO at lower temperature 

(850°C) under limited Zn supply favors the isotropic 

growth of ZnO, hence giving rise to a more rounded cross 

section. The exact cause of this phenomenon remains to be 

investigated. 

(b)(a)
 

 

Figure 3:  (a) A ZnO tetrapod, and (b) a hierarchical 

tetrapod. Note that the fourth legs of these tetrapods extend 

from the center of the structure and are perpendicular to the 

plane of the paper.  
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Figure 4:  X-ray diffraction pattern of as-grown ZnO 

nanowire. As indicated, the predominant growth direction is 

along the c axis. 
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Figure 5:  Energy dispersive x-ray pattern of as-grown 

ZnO nanowire.  
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Figure 6:  (a) ZnO nanowires grown at <1% O2, with no 

annealing after synthesis, (b) ZnO nanowires with post-

synthesis annealing at 850°C and 1 atmospheric pressure 

for 1 hour. As shown, annealing temperature played a role 

in influencing the dimension and areal density of as-

synthesized ZnO nanowires. The dimensions of ZnO 

nanowires increased post annealing, however, their areal 

density decreased. Scale bars indicate 1µm. 

 

4 CONCLUSION 
 

We have successfully demonstrated a rapid synthesis 

method of depositing ZnO nanostructures on Si with 

inductive heating in the absence of catalyst. We have grown 

ZnO nanocrystals, tetrapods, telescopic tetrapods, and c 

axis-oriented nanowires of up to 3µm long within 5 minutes 

in an Ar/O2 environment. Lower O2 content and post-

annealing at 850°C both favored the formation of ZnO 

nanowires over other types of nanostructures. 
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