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1. Abstract 

Vertically aligned single-crystal ZnO nanowires 

have been successfully grown on c-plane sapphire 

substrate using chemical vapor deposition (CVD) 

without catalyst. According to growth temperatures, 

it was changed ZnO growth characteristic. We 

investigated the effect of substrate temperatures on 

the growth ZnO films or nanowires on c-plane 

(0001) sapphire substrates. The ZnO films were 

acquired at 500°C, whereas the ZnO nanowires were 

obtained at 600°C, 700°C, and 800°C. The growth 

behavior diameter and growth rate of ZnO were 

changed due to different temperature. As a result of 

analyzing in-plane residual stress by X-ray 

diffraction, the optimized condition of ZnO 

nanowires were at 600°C. 

 

2.  Introduction 

One dimensional semiconductor nanostructures 

Zinc oxide(ZnO) nanowires have attracted attention 

due to physical properties and diversity for potential 

electronic and photonic device applications such as 

nanolasers, field-effect transistors (FETs), gas 

sensors, and nanocantilevers [1]. ZnO is a Ⅱ-Ⅵ 

metal oxide semiconductor with a direct band gap 

(Eg = 3.37eV, at 300K) and relatively large exciton 

binding energy (~60meV).  

There is also a great interest on ZnO 

nanostructures, which is focused on the synthesis 

and characterization of the various types of growth 

morphologies obtained. This is because having a 

total of 13 fastest growth directions and  a pair of 

{0001} polar-surfaces [2]. Wurtzite-structured ZnO 

has revealed to form diverse groups of morphologies 

such as nanobelts [3], nanocages [4], nanocombs [5], 

nanowires [6], and other types of nanostructures [7]. 

The fabrication of vertically aligned ZnO 1D 

structures is considered to be an effective approach 

for nanodevices and application on light emitting 

and field emission. Alinged growth of ZnO 

nanowires can be achieved by various methods, such 

as metal-organic chemical vapor deposition 

(MOCVD) [8], vapor-liquid-solid (VLS) process [9], 

sol-gel process [10], pulsed laser deposition [11], 

and chemical vapor transport(CVT) [12]. It also 

have been realized by both catalyst-driven (such as 

TiN [13], Au [14], Mn [15], NiO [16] and so on) and 

catalyst-free [17,18] approaches over a broad range 

of temperatures.  

Many researchers has studied CVD process in 

order to growing aligned ZnO nanowires on various 

substrates, such as silicon [19], R-plane sapphire 

[20], C-plane sapphire [8,20], GaN [21],  

AlGaN/AlN [21], and fused silica [17, 20]. In order 

to grow high – quality vertical ZnO nanowires, 

either heteroepitaxy with an appropriate sigle 

crystalline substrate (Al2O3 or GaN) or homoepitaxy 

with a textured ZnO thin film that is deposited on 

top of a nonepitaxial substrate (silicon or glass) to 

act as a nanowire nucleation layer [22], so called 

epitaxy, could be used. The choice of substrate 

effects on the final state of strain. It is directly 

affected from the lattice mismatch and thermal 

expansion mismatch [20]. Therefore, we choose c-

plane(0001) substrate.  

This work reports the uncatalyzed growth method 

for the synthesis of vertically aligned ZnO 

nanowires on a c-plane (0001) sapphire substrate by 

CVD and analyze in-plane residual stress by X-ray 

diffraction. 

 

3. Experiments 
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In these experiments, the CVD was used to grow 

nanowires on the c-plane(0001) sapphire substrate. 

The precursor was diethylzinc [DEZn, Zn(C2H5)2] 

and oxygen gas (O2). The argon gas (Ar) was used 

as a carrier gas triggering DEZn. During deposition, 

DEZn precursor is kept in a chiller cooled at 10℃ 

and transported into the chamber by argon gas 

flowing at 15sccm. Oxygen gas was introduced 

separately into the reaction chamber. The flows of 

O2 were 5sccm, and deposition pressure was 2Torr. 

ZnO deposited at 500-800°C and growth time was 

same as 30mins.  

The field emission scanning electron microscopy 

(FE-SEM, Hitachi, S4800) was used to research on 

analysis of structure and size distribution. X-ray 

diffractometer (XRD, Rigaku D) with CuKα a 

radiation operating at 40kV, 200mA was utilized for 

analysis of crystalline structure. The structure 

properties of ZnO nanowires were determined by 

high resolution transmission electron microscope 

(HRTEM, Tecnai 20, S-Twin) and investigated 

selected area electron diffraction (SAED) using the 

transmission electron microscope (TEM). Observing 

ZnO nanowires, we scraped out sapphire substrate 

grown ZnO nanowires with a sharp knife.  

  

4. Results and Discussions  

Figure 1 shows SEM images of the ZnO formed at 

different temperatures. It was grown as morphology 

of film at 500°C. Meanwhile it was grown to 

nanowires at 600°C, 700°C, and 800°C. The average 

diameters of the Fig 1. (b) 600°C, (c) 700°C, and (d) 

800°C was 80nm, 73nm, and 33nm. Growth rate was 

increased and nanowires diameter was decreased 

with increasing temperature. This result is read that 

diameter becomes slight because of changing 

stresses. It would be figured out XRD data. The 

change of growth direction between 700°C and 

800°C shows that increased temperature led to more 

growth in the stable direction. Therefore, the 

nanowires’ bottom parts were bent.  

Figure 2 shows XRD theta-2theta scan of the ZnO. 

XRD confirmed that the ZnO was a single 

crystalline and grew epitaxially. The XRD peaks in 

Fig. 2 are ZnO (0002), Al2O3 (0006), and ZnO 

(0004). The ZnO (0002) peak indicates that ZnO 

nanowires had grown on the c-plane sapphire with 

preferred c-axis orientations and good vertical 

alignment. This c-axis preferential growth is well 

known as a general habit of ZnO crystal since a 

(0001) basal plane of ZnO has the lowest surface 

energy. The average full width half maximum 

(FWHM) of ZnO nanowries was 0.305˚. It indicated 

that the ZnO nanowires were well aligned.  

Fig. 2(a) shows that ZnO has identical crystalline 

structures. Fig. 2(b) shows magnified ZnO(0004) 

peak. However, the position of XRD peaks is 

slightly shifted. These phenomena happened due to 

different stress states [23]. From the XRD peak 

angles, c-axis lattice spacing can be obtained. 

Compare to the lattice parameter of ZnO, residual 

in-plane biaxial stress can be estimated via [24] 
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c0 (= 0.51922nm from X-ray diffractometer, XRD 

Rigaku D, with CuKα a radiation operating at 40kV, 

100mA) means the c-axis lattice constant of ZnO 

powder. The lattice constant c for hexagonal close 

packed ZnO is equal to twice the interplanar spacing, 

d, of the basal plane, measured from the position of 

the (0002) peak using the Bragg equation.  

From the XRD results, the lattice constant of the 

c-axis of the ZnO grown  under 500°C, 600°C, 

700°C and 800°C are c=5.1660Å, 5.2098Å, 

5.2068Å, and 5.2038Å in Fig. 3. The ZnO power 

lattice constant is 5.1922Å. It shows that the lattice 

constant difference between ZnO powder and grown 

ZnO makes stress characteristic changed. Since ZnO 

nanowires’s lattice constant was similar to ZnO 

powder’s lattice constant, the ZnO nanowires 

characterized as defect-free. 

The table 1 is stress profile at different c-lattice 

constant. This result showed that there were thin 

film at 500°C in high tensile (+2285.879MPa) 

stresses. It also pointed that 600°C, 700°C, and 

800°C nanowires were in high residual in-plane 

compressive (-1537.567MPa, -1275.482MPa, -

1013.397MPa) stresses. Compressive stresses 

decreases with growing of temperature from 600°C 

to 800°C. It is the reason why ZnO diameter 

becomes thin in Fig. 1 SEM image. That is, 

increasing length of ZnO nanowires results in ZnO 

nanowires diameter decreases in same ZnO 

nanowires volume during the same growth time and 

amount of source. Therefore the optimized condition 

of ZnO nanowries growth was 600°C. 



 

Figure 4 shows TEM images of ZnO nanowires at 

600°C. The cross SEM image of ZnO nanowires and 

the lower-magnification TEM images obtained for 

ZnO nanowires are shown in Fig. 1(b, inset) and Fig. 

3(a). The ZnO nanowires length was 650nm ± 30nm. 

This results showed that ZnO nanowires were cut off 

in the process of manufacture sample. The structural 

characterization of the ZnO nanowires was 

performed by high-resolution TEM in Fig. 3(b). It 

shows the lattice fringes and the selected-area 

electron diffraction pattern (SAED) of ZnO 

nanowires. The lattice spacing of about 0.26nm 

between adjacent lattice planes corresponds to the d-

spacing of ZnO (0002) crystal planes [25]. It can be 

seen that the ZnO crystal lattices are well aligned c-

axis orientation preferentially. A selected-area 

diffraction pattern also indicates that ZnO nanowires 

are single crystal with wurtzite structure and reveals 

the growth direction is along the [0001] direction.  

 

5. Conclusion 

The ZnO was epitaxially formed on sapphire 

(0001) substrates by CVD. The growth behavior of 

ZnO was changed because of different temperature 

while ZnO was growing. According to increasing 

the growth temperature, ZnO diameter was 

decreased and growth rate was increased. The ZnO 

nanowires showed c-plane crystal orientation which 

was examined by XRD measurement. The result of 

nanowires at 600°C tends to have high residual in-

plane compressive stresses. By analyzing TEM, ZnO 

nanowires were well aligned c-axis orientation 

preferentially. It has been found that increase of 

crystalline can be achieved by 600°C. These 

nanowires were characterized by good in-plane 

alignment single crystalline. Due to good alignment 

of 600°C nanowires, the application of ZnO 

nanowires could be adjust to light-emitting 

applications such as nanolasers, field-effect 

transistors (FETs), gas sensors, nanocantilevers, 

light emitting, and field emitters. 

 

 

 
Fig.1. Top and cross-sectional (insets) SEM images 

of ZnO grown at (a) 500°C, (b) 600°C, (c) 700°C, 

and (d) 800°C. 

 
Fig 2. XRD θ-2θ scans of ZnO showing (a) from the 

left, peaks of ZnO(0002), Al2O3(0006), and 

ZnO(0004), and (b) the ZnO(0004) peak of samples 

prepared at 500°C, 600°C, 700°C and, 800°C. 



 
Fig. 3 ZnO lattice constants at growth temperatures 

of (a) 500°C, (b) 600°C, (c) 700°C, and (d) 800°C vs. 

ZnO powder. 

 

Table 1. Stress characterization of ZnO film and 

nanowires  from XRD data. 

Growth 

temperature(°C) 
Morphology 

c-lattice 

constant 

(Å) 

Stress 

(MPa) 

500 Thin film 5.1660 +2288.879 

600 Nanowires 5.2098 -1537.567 

700 Nanowires 5.2068 -1275.482 

800 Nanowires 5.2038 -1013.397 

 

 
 

Fig. 4 TEM images of ZnO: (a) low-magnification; 

(b) high-resolution, showing single crystalline 

nanowires with [0002] growth direction. Inset shows 

selected-area electron diffraction pattern. 
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