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ABSTRACT 

In this study, vertically aligned zinc oxide (ZnO) nanorod (NR) arrays were grown with the 2-

step method. Spin coating was used to apply the seed layer, and by increasing the number of 

repetitions (n), higher thickness of the seed layer was achieved. The effects of different seed 

layer thicknesses, spin coated at different rotational speeds (v) and how the variables (v and n) 

influence the morphological and crystal properties of the resulting ZnO NRs were analyzed. 

The effects of 1, 3, and 5 (n), with (v) of 3000 or 4000 rpm were investigated, and the formed 

seed layers were characterized by using scanning electron microscopy (SEM) and X-ray 

diffraction (XRD) profiles. The ZnO NR arrays were grown by a chemical bath deposition 

method because of its simplicity and ease of use. Full width at half maximum (FWHM) analysis 

was conducted on the XRD chart and Raman spectrum to analyze the grain size and Wurtzite 

distortion of the ZnO NRs. A lower FWHM value was attributed to the lower number of 

structural disorders in the ZnO NRs, which equated to the most stable or structured Wurtzite 

structures in the ZnO NRs, achieved at the lowest FWHM value. The lowest FWHM for (002) 

XRD peak was obtained at 0.35° for ZnO NRs grown with a seed layer spin coated at 4000 rpm 

once. The crystallite size calculated by Scherrer’s equation gave a size of 25.14 nm. The lowest 

FWHM for E2(High) Raman peak was obtained at 6.00 cm–1 for ZnO NRs grown with a seed 

layer spin coated at 4000 rpm three times. 
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1. INTRODUCTION 

Numerous studies of zinc oxide (ZnO) materials have been conducted because of the 

semiconductor properties with direct bandgap energy of 3.37 eV and high exciton binding 

energy of 60 meV at room temperature. One motive for such studies is that one-dimensional (1-

D) ZnO materials have excellent optical properties, having varying shapes such as 

nanorods/nanowires, nanobelts or nanoflowers. They can be applied as chemical sensors, 

photodetectors, field-effect transistors (FET) or solar cells, amongst other uses. ZnO material is 

environmental friendly and does not have a harmful effect on the environment. Due to their 

biocompatibility, ZnO materials can be applied to biochemical, medical, or other related fields. 

A study conducted by (Kashif et al., 2012) was conducted to compare ZnO nanorods (NRs) 

made by KOH-based and monoethanolamine-based seed layers (Kashif et al., 2012).  
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ZnO NRs with higher electrical conductivity are better suited to power-saving optoelectrical 

devices, while those with better crystallinity alignment have properties such as higher longevity 

and stability and are suitable for optoelectronic applications. Vertically aligned ZnO NRs with a 

hexagonal Wurtzite structure have high piezoelectric and pyroelectric properties. They can also 

be used to grow nanotubes or core-shell nanowires. One of the methods to grow 1-D ZnO 

nanostructures is the vapor-liquid-solid (VLS) method, in which a substrate with seed droplets 

is exposed to vapor particles in a chamber to form solid nanowires. Another method to grow 1-

D ZnO nanostructures is chemical vapor deposition (CVD), which involves the use of a gas 

chamber and application by thermal treatment. 

Several papers have mentioned the importance of seed layers in growing vertically aligned ZnO 

NRs. By controlling the thickness of the seed layer, the resulting nanorod size, alignment and 

density can be manipulated (Peiris et al., 2013). Higher seed layer thickness yields increased 

grain and particle size (Ghayour et al., 2011). In the case of a very thick seed layer, its density 

decreases along with the nucleation sites (İkizler & Peker, 2014). One method to control the 

grain size of the seed layer is to control the temperature of the annealing treatment employed 

(Wahid et al., 2013; Yoon et al., 2015; Gautam et al., 2016). Thermal treatment of the seed 

layer also affects the (002) crystallinity after the seed has grown into nanorods. A combination 

of seed layer thickness and thermal treatment makes ZnO NRs suitable for photovoltaic 

applications (Sholehah & Yuwono, 2015). The vacancy of oxygen atoms or molecules on the 

seed surface increases with the temperature. (Dou et al., 2015) researched another method of 

controlling ZnO NR morphology by adding Ga dopants to the ZnO seed layer (Dou et al., 

2015). The addition of a dopant affects the density of the seed layer, and by changing its 

concentration, the resulting diameter or length of the NRs can also be controlled. A similar 

method can be applied with the addition of polyethyleneimine (PEI) chemical to the seed layer 

solution and/or NR growth solution (Huang et al., 2011; Poornajar et al., 2016). Another 

method to control the seed layer is to change the concentration of the seed layer solution 

(Pourshaban et al., 2015) or to increase the length of the growth process (Kurda et al., 2015). 

With a higher annealing temperature, the crystallinity in the (002) direction experiences higher 

intensity, which leads to vertically alignment and longer NR length (Kim et al., 2014a). Post-

hydrothermal treatment of the ZnO NRs also affects their crystallinity (Sholehah  et al., 2017). 

Many studies have been conducted on vertically aligned ZnO NRs because of their improved 

photovoltaic properties. This paper aims to provide an alternative way of studying the effects of 

various thicknesses of the seed layer by spin coating performed with differing numbers of 

cycles (n). The spin coating method was chosen due to its simplicity and ability to control the 

thickness of the deposited seed layer by adjusting the rotational speed (v). Characterizations by 

X-ray diffraction (XRD) and Raman spectroscopy were conducted to provide morphological 

analysis. Full width at half maximum (FWHM) analysis was performed on the two 

characterizations to provide more depth to the morphological analysis. The analyses reveal that 

the FWHM value is linked to the variable n in the form of charts.  

The research conducted by Song and Lim concluded that by adding dopant atoms to the seed 

layers and by manipulation of seed layer thickness, the morphology and crystallinity of the ZnO 

NRs were also affected (Song & Lim, 2007). Several studies have combined the techniques of 

zinc seed layers containing dopant atoms with TiO2 materials to increase the photovoltaic 

parameters (Kim et al., 2014b). In this paper, a method to control the morphology and density 

of the seed layer is proposed by changing the number of cycles (n) of the spin coating at 

different rotational speeds (v) of 3000 and 4000 rpm. By controlling the number of n, control of 

the surface of the seed layer and the sizes of the resulting ZnO NRs, together with their 

crystallinity, is possible. 
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2.  METHODS 

The experimental method of this paper was inspired by former work on ZnO NRs by a 

colleague (Winantyo et al., 2017). Normal glass substrates were cleaned ultrasonically for 5 

minutes with distilled water, acetone and ethanol separately. 0.7 g of zinc acetate dihydrate was 

mixed with 20 mL of 2-methoxyethanol solution in order to prepare the seed layer solution. Ten 

drops of ethanolamine were added to the solution to act as a stabilizer. The solution was then 

stirred and heated at 60°C for 20 min before being spin coated homogenously onto the normal 

glass. The spin coating process was performed for 1 min at speeds (v) of 3000 and 4000 rpm, 

for comparison purposes. Next, the substrates attached to the seed layer were annealed at 

100°C. For analytical purposes, the spin coating procedure followed by annealing was repeated 

one, three and five times before annealing at 350°C for 1 h. The following step was to grow the 

ZnO nanorods by the chemical bath deposition method using waterbath apparatus. The growth 

solution consisted of 30 mL solution of 0.03 M zinc acetate dihydrate and 30 mL solution of 

0.03 M hexamethylenetetramine (HMT). The normal glass substrates coated with the seed layer 

were immersed into the solution. The beaker that contained the immersed samples was kept in 

the water, while thermal treatment was conducted at 85°C for 3 h. During the hydrothermal 

growth, the position of the water surface in the waterbath apparatus was monitored. If it was on 

the point of becoming lower than the beaker containing the samples and growth solution, the 

water was topped up. The growth solution did not need to be renewed until the growth process 

was finished. The refilling of the water was done approximately every hour after the water 

temperature in the waterbath machine had reached 85°C. Figure 1 shows a schematic diagram 

of the ZnO nanorod growth in the waterbath apparatus. 

 

 

Figure 1 Growth of ZnO NRs in the waterbath machine 

 

The formed ZnO seed layers and nanorods (NRs) were analyzed using a field-emission 

scanning electron microscope (FE-SEM, JEOL JSM-6320F) and X-ray diffractometer (XRD, 

RIGAKU Ultima III) with Cu k radiation ( = 1.5418 Å). A Raman Spectrum was performed 

with a NRS7100 Laser Raman Spectrometer. The labeling of the samples is listed in Table 1, 

based on the seed layer deposition parameters v and n. Scherrer’s equation was used to calculate 

the Full Width at Half Maximum (FWHM) to the XRD and Raman peaks: 

  Scherrer’s equation 

where τ is the crystallite size, K is the shape factor constant valued at 0.9 (some sources value K 

at 0.89), β is the width at FWHM (in radian value), and θ is the Bragg angle. 
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Table 1 Labeling of the samples based on the seed layer deposition parameters 

 

3.  RESULTS AND DISCUSSION 

The seed layer provides the nucleation sites needed to grow vertically aligned ZnO nanorods. 

The spin coating method provided a simplistic approach; by controlling the number of 

repetitions, the density and geometry of the synthesized films can be controlled. The effects of 

the spin coating cycle (n) and the rotation speed (v) are clearly revealed on the morphology of 

the seed layer, as shown in Figure 3. When n = 1, the seed layer surface was rough. Low 

coverage of the seed surface contributed to the uneven spread of the seed layer. The same 

situation was realized for both v = 3000 and 4000 rpm. When the number of n reached 5, the 

surface of the seed layer became smoother and covered the entire surface of the normal glass 

substrate. The thickness of the seed layer also seemed to increase with the number of n. The 

results could affect the growth of ZnO NRs on the seed layer. When v was 4000 rpm, the 

resulting seed layer surface was homogenous and equally spread; however, the thickness of the 

seed layer was reduced compared to v = 3000 rpm. Observation of the thickness of the seed 

layer at v = 2000 rpm was made. With lower v, the thickness increased due to the lower 

centrifugal force applied to the center of the sample. Such a spin coating pattern also risked an 

uneven spread and rough surface of the seed layer. The resulting ZnO NRs became more tilted 

and less dense. When n was increased to 3 or 5 (SL33, SL35, SL43, and SL45), networks of 

zinc nuclei were visible. With the higher number of n, the density of the seed layer increased. In 

SL 41, a similar network could be seen, although the seed layer surface had a rough quality due 

to the uneven spread. 

The morphologies of the ZnO NRs grown on the different seed layers were also observed by 

SEM, as shown in Figures 4 and 5. The diameter and thickness of the ZnO NRs is shown in 

Table 2. A seed layer with a rough surface or non-homogeneous distribution leads to the growth 

of NRs with various diameters. As the spin coating cycle for the seed layer increases, the size 

distribution of the NR diameters becomes narrow, with a higher NR density due to the 

homogeneity of the seed layer. Figure 5 shows the cross sections of the ZnO NRs grown on the 

different seed layers. Although the thickness of the ZnO NRs did not show a certain pattern of 

growth, the NRs grown at the lower speed (NR31, NR33, and NR 35) showed higher thickness 

due to the greater supply of zinc nuclei compared to those at the higher speed (NR41, NR43, 

and NR45). 

 

 

 

v 
n 

1 3 5 

3000 rpm 
Seed layer: SL 31 

Nanorods: NR 31 

Seed layer: SL 33 

Nanorods: NR 33 

Seed layer: SL 35 

Nanorods: NR 35 

4000 rpm 
Seed layer: SL 41 

Nanorods: NR 41 

Seed layer: SL 43 

Nanorods: NR 43 

Seed layer: SL 45 

Nanorods: NR 45 
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Figure 2 SEM images of the seed layers grown on normal glass for: (a) SL 31; (b) SL 33; (c) SL 35; 

(d) SL 41; (e) SL 43; and (f) SL 45 
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Figure 3 Top-down view of SEM images of the ZnO nanorods (NRs) on normal glass for: (a) NR 31; 

(b) NR 33; (c) NR 35; (d) NR 41; (e) NR 43; and (f) NR 45 
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Figure 4 Cross-section view of SEM images of the ZnO nanorods (NRs) on normal glass for: (a) NR 31; 

(b) NR 33; (c) NR 35; (d) NR 41; (e) NR 43; and (f) NR 45 

 

 



154 Morphological and Structural Study of Vertically Aligned Zinc Oxide Nanorods 
 Grown on Spin Coated Seed Layers 

Table 2 ZnO NR diameter and thickness 

v 
n 

1 3 5 

3000 rpm 
Diameter: 10–100 nm 

Thickness: 1.5–1.7 μm 

Diameter: 10–110 nm 

Thickness: 1.0–1.1 μm 

Diameter: 20–110 nm 

Thickness: 1.4–1.5 μm 

4000 rpm 
Diameter: 10–80 nm 

Thickness: 0.8–1.0 μm 

Diameter: 10–70 nm 

Thickness: 0.8–1.0 μm 

Diameter: 10–70 nm 

Thickness: 0.4–0.5 μm 

 

The growth of the ZnO NRs and their corresponding XRD results show certain patterns (Figure 

6). When n was increased (NR 33, NR35, NR43, and NR45), the crystallinity of the ZnO NRs 

was improved, as shown in the evolvement of (002) and (100) peaks in Figure 6, with the 

exception of NR41 where a considerable (100) peak is present. In the case of v = 4000 rpm 

(NR41, NR43, and NR45), notable differences were seen in the reduced size of the diameter, 

with the largest diameter obtained in NR41, due to the uneven spread of the seed layer, contrary 

to the case of v = 3000 rpm (NR31, NR33, and NR35). It was also found from the XRD results 

that higher intensities of the (002) peak confirmed the vertically aligned, c-axis oriented, growth 

of ZnO NRs. However, the preferred oriented growth of nanorods depended strongly on the 

morphology of the seed layer. A vertically aligned ZnO NR, or growth along the c-axis, 

delivers a reduced recombination of electrons due to the faster time needed for the generated 

electron to reach the FTO substrate in solar cells applications. 

 

 

Figure 5 XRD charts of the ZnO NRs, with v = 3000 or 4000 rpm, and n = 1, 3, or 5 

 

The high intensity of the (002) ZnO peak can be seen in Figure 5, with the 2-theta value around 

34.5°. The peak corresponds to the Wurtzite structure of the ZnO NRs. Full width at half 

maximum (FWHM) analysis was performed on the (002) peak, with origin software used to 

determine the size of the crystal or grain. The equation used to perform FWHM analysis on the 

XRD charts in Figure 5 was based on the Scherrer equation, and the parameters are shown in 

Table 3. By using Scherrer’s equation, the crystallite size can be calculated.  
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Table 3 FWHM analysis of the (002) XRD peak in the ZnO NRs samples 

Parameters NR31 NR33 NR35 NR41 NR43 NR45 

Peak Position (°) 34.46 34.47 34.44 34.48 34.48 34.46 

FWHM (°) 0.36 0.37 0.38 0.35 0.35 0.36 

Crystallite Size (nm) 24.44 23.54 23.20 25.14 24.82 23.91 

 

The values from Table 2 can be put into a chart, as seen in Figure 6. The crystallite size 

decreases when the number of n increases. Such an outcome is the result of the increasing 

thickness of the seed layer, which provides zinc nuclei to supply larger sized ZnO NRs grains. 

While this situation gave increased growth along the horizontal direction, as seen in the 

increased (100) XRD peak, some crystallites from the (002) XRD peak experienced a reduction 

in size. Such a situation is expected, as growth in crystallite size occurs alongside an increase in 

film thickness. Meanwhile, higher v resulted in less thickness of the seed layer, which reduced 

the size of the resulting ZnO NRs grains. 

 

 

Figure 6 Chart showing the crystallite size of the XRD (002) peak as a function of n, 

shown at v = 3000 and 4000 rpm 

 

The Raman spectrum of the ZnO NRs samples is shown in Figure 7. The two most dominant 

peaks are at E2(High) and E2(Low) modes, according to their high and low frequencies of 

phonons (Manjon et al., 2005). The E2(Low) peak is related to the vibration of heavy Zn 

sublattice, while the E2(High) peak is related to the vibration of oxygen atoms only (Ashkenov 

et al., 2003). The E2(High) mode represents the Wurtzite structure of the ZnO NRs. Table 4 

shows the FWHM analysis of the E2(High) peak. This analysis was performed with Spectra 

Manager software, while the Raman spectrum was obtained from an NRS7100 Raman 

Spectrometer. It has been found that there is a weakening Wurtzite structure in the ZnO in the 

case of higher FWHM of E2(High) (Mu et al., 2016). Therefore, the decrease of FWHM in the 

Raman E2(High) peak means that the Wurtzite structure of the ZnO NRs is not distorted. 

Another point to consider is that the parameters v and n have not resulted in the shifting of the 

Raman peaks, which means that the chemical bonds or symmetry are not affected by the 

parameters v and n. An unusual chart can be seen in Figure 8, where the value of FWHM as a 

function of n is shown. In the case of v = 3000 rpm, the FWHM value decreased when n 

increased. However, in v = 4000 rpm, the FWHM decreased at n = 3 and increased at n = 5. 

Such a result can be caused by higher v, which leads to stronger centrifugal force applied to the 

sample. When n = 3, the resulting seed layer had an increased thickness compared to n = 1. 
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However, when n increased to 5, the stronger centrifugal force might damage some structures 

of the seed layer, which will also distort the Wurtzite structure of the resulting ZnO NRs in the 

NR45 case. 

 

 

Figure 7 Raman Spectrum of the ZnO NRs; v = 3000 or 4000 rpm, and n = 1, 3, or 5 

 

Table 4 FWHM analysis of the E2(High) Raman peak in the ZnO NRs samples 

Parameters NR31 NR33 NR35 NR41 NR43 NR45 

Peak Position (cm-1) 437.67 437.67 437.67 438.67 437.67 437.67 

FWHM (cm-1) 7.21 7.07 6.63 7.00 6.00 7.21 

 

 

 

Figure 8 Chart showing the FWHM of the Raman E2(High) peak as a function of n, shown at v = 3000 

and 4000 rpm 
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4.  CONCLUSION 

The effects of the number of the spin coating cycles (n) and the rotation speed (v) have been 

discussed in relation to the properties of the ZnO seed layer and the growth of NRs. When the 

seed layer was spin coated at a higher speed (v = 4000 rpm), it tended to become more 

homogenized, while the preferred orientation deteriorated along the [002] direction. Similar 

deterioration was also observed in the case of v = 3000 rpm. It is believed that a high seed layer 

density leads to ZnO NRs with high density and fewer empty spaces between each ZnO NR. 

Under such a condition, the resulting ZnO NRs became less tilted and the XRD results showed 

stronger [002] ZnO crystallinity. The FWHM of the [002] XRD peak corresponded to the grain 

or crystal size of the ZnO NRs growing in the c-axis vertical direction. The lowest FWHM of 

the [002] XRD was obtained by NR31 (v = 4000 rpm) at 0.36° and NR41 (v = 4000 rpm) at 

0.35°. The calculated crystallite sizes from Scherrer’s equation yielded 24.44 nm and 25.14 nm 

consecutively. The crystallite sizes from all the v and n parameters did not show a wide range of 

size variation, which showed that the crystallinity of the ZnO NRs was relatively defined for all 

cases of v or n. Higher n yielded a higher FWHM of the [002] peak, while higher v resulted in 

lower FWHM. The Raman spectrum showed two peaks, corresponding to E2(High) and 

E2(Low) modes. FWHM analysis of E2(High) corresponded to the Wurtzite structure of the 

ZnO NRs, and the lowest FWHM of E2(High) Raman was preferred due to the lower 

probability of distorted Wurtzite structure. The lowest FWHM of the E2(High) Raman peak at v 

= 3000 rpm was produced by NR35 at 6.63, while for v = 4000 rpm, the lowest FWHM was 

produced by NR43 at 6.00. For v = 3000 rpm, higher n yielded a lower FWHM of E2(High) 

Raman, while for v = 4000 rpm, the FWHM increased at NR45, possibly due to a larger number 

of oxygen atoms during the ZnO NR growth. 
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