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1. Introduction 

ZnO is a direct band gap semiconductor with hexagonal wurzite crystal structure (a = 0.325 
nm, c = 0.520 nm), and has a wide band gap of 3.37 eV at 300 K (Kligshirn, 1975), large 
exciton binding energy of 60 meV (Özgür et al., 2005), and high refractive index (n550 nm = 
2.01). ZnO thin films have attracted many researchers to study because of its good optical 
and electrical characterizations for the applications to light-emitting diodes (Saito et al., 
2002), field emitters (Zhu et al., 2003), and solar cells (Lee et al., 2000). 

There are many methods for the fabrications of ZnO films such as metal-organic chemical 
vapor deposition (Yang et al., 2004), laser ablation (Henley et al., 2004), and sputtering 
(Jeong et al., 2003). However, most of technologies are correlated to the vacuum and high-
temperature processes, which results in the high cost. In recent years, the solution-growth 
route has been used to fabricate the ZnO nanorod thin films (Vayssieres, 2001, 2003; Li et al., 
2005; Tak & Yong, 2005; Lee et al., 2007). Vayssieres et al. developed the large three-
dimensional (3D) and highly oriented porous microrod or nanorod array of n-type ZnO 
semiconductor by the equimolar (0.1 M) aqueous solution of zinc nitrate [Zn(NO3)2  6H2O] 
and methenamine (C6H12N4) at low temperature. The crystallographic faces of well-aligned 
single-crystalline hexagonal rods are perpendicularly grown along the [001] direction onto 
the substrate, resulting in the formation of very large uniform rod arrays (Vayssieres, 2001, 
2003). Tak and Yong demonstrated that uniform ZnO nanorods were grown on the zinc-
coated silicon substrate by the aqueous solution method containing zinc nitrate and 
ammonia water. Although the growth mechanism of ZnO nanorods in an organic amine 
solution has not completely been understood, there are several parameters influencing the 
growth characteristics (i.e., width, length, growth rate, and preferred orientation) of ZnO 
nanorods such as growth temperature, growth time, zinc ion concentration, pH of solution, 
and ZnO seed-layer morphology, which can be applied to control the tailored growth 
dimensions and orientation of ZnO nanorods (Li et al., 2005; Lee et al., 2007; Tak & Yong, 
2005; Vayssieres, 2001, 2003). 

It is noted that the surface morphology of ZnO nanorod thin films developed by Vayssieres 
et al. exhibited hexagonal-shaped nanorods and many unfilled inter-columnar voids 
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between nanorods (Vayssieres et al., 2001). However, this kind of hexagonal surface 
morphology is obviously different from that of other oxide films (e.g., TiO2, SiO2, SnO2, and 
ZrO2) fabricated by other solution-growth routes such as chemical bath deposition (CBD) 
and liquid phase deposition (LPD) (Kishimoto et al., 1998; Lin et al., 2006; Mugdur et al., 
2007; Tsukuma et al., 1997). In general, the films synthesized by CBD or LPD exhibits the 
spheroidal grain morphology. We found that hexagonal-shaped ZnO nanorod thin films 
with less voids can be synthesized under specific processing parameters and their optical 
properties are similar to that of ZnO films prepared by sputtering methods. Although there 
are extensive reports on the structural and physical properties of ZnO nanorod thin films 
prepared by solution methods, few reports are available on the preparations and 
characteristic investigations of high packing-density ZnO nanorod thin films. 

In this chapter, we fabricated the dense and well-aligned ZnO nanorod thin films by the 
simple solution method. Structural and optical properties of the resulting ZnO nanorod thin 
films were systematically examined in terms of the structural evolution of the films at 
different zinc ion concentrations, growth temperatures, growth time, growth routes, and 
ZnO seed-layer morphology. We believe that the dense and well-aligned ZnO nanorod thin 
films fabricated by solution-growth method can satisfy the basic requirement of optical-
grade thin films, and has the merits of low temperature, large scale, and low cost. 

2. Fabrication of the solution-growth ZnO nanorod thin films 

2.1 Fabrication of ZnO seed layers 

The ZnO-coated glass substrate acted as the seed layer for the growth of well-aligned ZnO 
nanorods in aqueous solution. The ZnO seed-layer thin films were fabricated by sol-gel 
spin-coating technology. 2-methoxyethanol (2-MOE, HOC2H4OCH3, 99.5%, Merck) and 
monoethanolamine (MEA, HOC2H4NH2, ≥ 99%, Merck) with molar ratio of Zn/2-
MOE/MEA= 1/21/1 were first added to zinc acetate [Zn(CH3COO)2, 99.5%, Merck], 
followed by stirring for 10 h to achieve the sol-gel ZnO precursor solution. Then the ZnO 
precursor solution was spin-coated on silica glass substrates (Corning, Eagle 2000). The as-
deposited sol-gel films were first dried at 100 °C/10 min, pyrolyzed at 400 °C/10 min, and 
further annealed at 400-800 °C/1 h to achieve the seed-layer ZnO thin films with an average 
grain sizes of 20-100 nm and a thickness of ~90 nm. 

2.2 Fabrication of ZnO nanorod thin films 

For the fabrication of solution-grown ZnO nanorod thin films, the ZnO seed-layer substrates 
were deposited in the Zn2+ aqueous solutions which were compose of the mixture of zinc 
nitrate [Zn(NO3)2  6H2O, ≥ 99%, Merck], hexamethylenetetramine (HMT, C6H12N4, ≥ 99 %, 
Merck), and H2O with molar ratio of Zn/HMT/H2O=0.1-1/1/1000 to make 0.005-0.05 M 
zinc ion solutions. The growth temperatures and time were precisely controlled at 55-95 °C 
and 1.5-6 h, respectively. The multiple-stepwise and one-step solution-growth routes were 
employed to the growth of the ZnO nanorod thin films. Figure 1 depicts the schematic 
flowchart of the multiple-stepwise and one-step solution-growth routes for the fabrication of 
ZnO nanorod thin films. For example, for the ZnO nanorod thin film grown at 75 °C/6 h by 
the multiple-stepwise route, the ZnO seed-layer substrate was first immersed in the growth 
solution, and then the growth solution was heated at 75 °C for 1.5 h. After ZnO nanorods 
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growth, the ZnO nanorod thin film was removed from the solution and we immediately put 
it in another new growth solution, and then the growth solution was heated at 75 °C for 
another 1.5 h. The same process was repeated 2-4 times and the total growth time was 
accumulated from 3 to 6 h. On the other hand, the substrate was immersed in the growth 
solution at 75 °C for continuous 6 h for the one-step route. 

 
Fig. 1. Schematic flowchart of the multiple-stepwise and one-step solution-growth routes for 
the fabrication of ZnO nanorod thin films. 

2.3 Measurement of physical properties 

The crystal structure was detected by an X-ray diffractometer (Shimadzu, XRD 6000). 
Scanning electron microscope (Hitachi, S4800-I) was used for microstructural examination. 
The thickness of ZnO films was measured by the α-step profile meter (KLA-Tencor, Alpha-
Step IQ). Transmission spectra in the UV and visible ranges were determined on a 
Shimadzu UV-2100 spectrophotometer. Samples were excited by using a 325 nm He-Cd 
laser with an output power of 4 mW at room temperature. the UV and visible fluorescence 
was detected by spectrophotometer (Horiba Jobin-yvon, iHR 550) equipped with a 
photomultiplier tube detector (Hamamatsu, 7732P-01) at room temperature. 

3. Structure, morphology, and optical properties of the compact, vertically-
aligned ZnO nanorod thin films 

3.1 Film morphology 

In our experiments, the zinc ion concentrations were adjusted from 0.005 to 0.05 M, the 
growth temperatures were controlled from 55 to 95 °C, the growth time was selected in the 
range of 1.5 to 6 h, the grain sizes of ZnO seed layer varied from 20 to 100 nm, and two kind 
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of growth routes, i.e., multiple-stepwise and one-step route, were used. However, the most 
compact and densest ZnO nanorod thin film with the thickness of ~800 nm can only be 
fabricated under very specific conditions, i.e., 0.05 M, 75 °C, 6 h, multiple-stepwise route, 
and ZnO seed layer with an average grain size of ~20 nm. Figs. 2(a)-(j) illustrate the top-
view and cross-sectional scanning electron microscopy (SEM) imagines of ZnO nanorod thin  

 
Fig. 2. Top-view and cross-sectional SEM imagines of ZnO nanorod thin films fabricated under 
the conditions of 0.05 M, seed-layer grain size of ~20 nm, and (a, b) 75 °C/1.5 h (multiple-
stepwise route), (c, d) 75 °C/6 h (multiple-stepwise route), (e, f) 95 °C/1.5 h (multiple-stepwise 
route), (g, h) 75 °C/4.5 h (one-step route), and (i, j) 75 °C/6 h (one-step route). 
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films fabricated under the conditions of 0.05 M zinc ion concentration, ZnO seed layer with 
an average grain size of ~20 nm, different growth temperatures/time, and different 
solution-growth routes (one-step and multiple-stepwise routes). Obviously, the surface 
morphology of ZnO nanorod thin film fabricated by multiple-stepwise route at 75 °C/6 h 
exhibits larger aggregated hexagonal grains and more compact structure than others’, as 
shown in Figs. 2(c) and 2(d). Cross-sectional SEM image also exhibits well-developed and 
larger fused columnar grains, which is very similar to the sputtered thin films (Mirica et al., 
2004). However, for the ZnO nanorod thin film fabricated at 95 °C/1.5 h, the film is 
obviously composed of a large bundle of the ZnO nanorods and most of nanorods do not 
fuse together, as shown in Figs. 2(e) and 2(f), which resulted in the formation of lots of 
unfilled inter-columnar volume between nanorods. In addition, some ZnO nanorods do not 
vertically align very well and they are inclined to the substrate surface. 

Figure 3 shows the average diameters and lengths versus growth time and temperatures of 
ZnO nanorods prepared under the conditions of 0.05 M, one-step route, multiple-stepwise 
route, and ZnO seed layer with an average grain size of ~20 nm. The diameter and length of 
ZnO nanorod thin films fabricated by multiple-stepwise route at 95 °C/6 h are ~240 and ~2300 
nm, respectively, which is obviously larger than that of ZnO nanorod thin films fabricated by 
multiple-stepwise or one-step route at 75 °C/6 h. Therefore, the higher growth temperature 
can induce ZnO nanorods with larger diameter and length, consistent with others’ 
investigations (Li et al., 2005; Lee et al., 2007; Tak & Yong, 2005; Vayssieres, 2001, 2003). 

 
Fig. 3. Average diameters and lengths of ZnO nanorod thin films fabricated under the 
conditions of 0.05 M, seed-layer grain size of ~20 nm, different growth methods (one-step 
route and multiple-stepwise route), growth temperatures, and growth time. 

For the ZnO nanorod thin films fabricated at 75 °C/1.5 h, short nanorods with the diameters 
of 60-80 nm and the height of ~200 nm are very crowded and combined each other at side 
faces, as shown in Figs. 2(a) and 2(b). Further increase in growth time to 6 h causes the 
highly c-axis-oriented hexagonal ZnO grains (as shown in Figure 4 in the next section) to 
coalesce and form larger aggregated hexagonal grains with the average diameter of ~200 nm 
and the height of ~800 nm, resulting in the reduction of unfilled inter-columnar volume and 
voids [see Figs. 2(c) and 2(d)]. 
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Compared the SEM images of ZnO nanorod thin films fabricated by multiple-stepwise route 
at 75 °C/6 h [Figs. 2(c) and 2(d)] with that fabricated by one-step route at 75 °C/6 h [Figs. 
2(i) and 2(j)], the former exhibited the larger aggregated hexagonal grains and fused 
columnar structure with the average diameter of ~200 nm and the height of ~800 nm; 
however, the latter exhibited the smaller aggregated hexagonal grains with the average 
diameter of ~140 nm and the height of ~1100 nm. 

3.2 Crystal structure 

Figure 4 shows the X-ray diffraction (XRD) patterns of ZnO nanorod thin films fabricated 
under growth temperatures, growth time, multiple-stepwise route, and the ZnO seed layer 
with an average grain size of ~20 nm. Obviously, all of the XRD patterns exhibits only one 
diffraction peak and the peak position at ~34.53-34.57°, i.e. (002) is the characteristic of 
wurzite ZnO (JCPDS No. 36-1451). Hence, these ZnO nanorod thin films possess highly 
preferred orientation with c-axis normal to the substrate.  

 

 
 
 
 
 
 
 
 
 
 
 
 
 

Fig. 4. XRD patterns of ZnO nanorod thin films fabricated under the conditions of 0.05 M, 
seed-layer grain size of ~20 nm, multiple-stepwise route, and different growth 
temperatures/time. 

The diffraction intensity of ZnO nanorod thin film prepared at 75 °C /6 h is similar to that of 
ZnO nanorod thin film prepared at 95 °C/1.5 h, which implies that they have similar 
crystallinity because of similar thickness (~ 800 nm) between these two samples. Although 
the 75 °C growth temperature is much lower than 95 °C, these coalesced and aggregated 
hexagonal nanorods fabricated at 75 °C still possess good crystallinity in comparison with 
the uncoalesced and well-shaped hexagonal nanorods fabricated at 90 °C and possessing the 
single crystalline nature (Li et al., 2005). However, the photoluminescence (PL) spectra show 
that ZnO nanorod thin film prepared at 75 °C/6 h had more oxygen defects as compared 
with that prepared at 95 °C/1.5 h, and this phenomenon will be discussed in the section of 
optical properties. 

In addition, the (002) peak position of ZnO nanorod thin films prepared at 75 °C/1.5-6 h 
deviates from the randomly orientated ZnO powder value (34.42°) and shifts toward higher 
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value, indicating the compressive stress existing in these extremely c-axis-oriented ZnO 
nanorod thin films (Sagar et al., 2007). The (002) peak position progressively varies from 
34.50° to 34.54° by increasing growth time, which means that the compressive stress 
increases with the increase of thickness and aggregated hexagonal grain size. After 
calculation, the strains vary from -0.21 to -0.32% (Puchert et al., 1996). 

3.3 Grown mechanisms of compact, vertically-aligned ZnO nanorod thin films 

Some growth characteristics such as average diameters and lengths of ZnO nanorods could 
be determined by some significant parameters such as the morphology of a zinc metal seed 
layer, pH, growth temperature, and concentration of zinc salt in aqueous solution (Tak & 
Yong, 2005). Li et al. proposed the growth mechanism of ZnO nanorods fabricated by the 
aqueous solution method. The proposed mechanism includes three steps: (1) fine and 
independent ZnO nanorods grew and bundled together. (2) fine ZnO nanorods coalesced. 
(3) single large dimension hexagonal ZnO nanorod was formed (Li et al., 2005). Lee et al. 
systematically examined that the degree of alignment of dense ZnO nanorod arrays 
synthesized via a two-step seeding and solution-growth process was significantly 
influenced by the ZnO seed layer roughness. The highly c-axis aligned and dense ZnO 
nanorods can be obtained during the roughness of ZnO seed layer was ≦ 2 nm (Lee et al., 
2007). 

Vayssieres pointed that the diameter of ZnO nanorods could increase 10 times from 100-200 
nm to 1000-2000 nm when the zinc ion concentration increased from 0.001 M to 0.01 M 
(Vayssieres, 2003). The higher zinc ion concentration can accelerate a smaller bundle of ZnO 
nanorods to coalesce together and form larger dimension ZnO nanorods for reducing the 
surface energy (Li et al., 2005). Hence, the zinc ion concentration can obviously influence the 
diameter of ZnO nanorods. For the one-step route, the growth solution is limited in a closed 
system. When the growth time increases, the zinc ions will be gradually depleted and the zinc 
ion concentration on the top of nanorods should be less than the initial solution, which reduces 
the lateral aggregation rate of hexagonal nanorods, induces the continuous growth of 
nanorods in vertical direction, and results in the nanorods with smaller diameter and larger 
length. However, multiple-stepwise route can supply and maintain the zinc ion concentration 
and accelerate the lateral coarsening growth of nanorods, which leads to the aggregation of 
hexagonal nanorods and the formation of close-packed columnar structure with larger 
diameter and shorter length. The growth mechanism of ZnO nanorod thin film prepared at 75 
°C/1.5-6 h (multiple-stepwise route) is depicted in Figure 5. In addition, the formation of ZnO 
nanorods can be attributed to the following reaction equations (Li et al., 2005). 

 ( )2 4 2 36
CH N +6H O 6HCHO+4NH→  (1) 

 3 2 4NH H NH OHO + −
+ +  (2) 

 ( )
2

2s2OH Zn ZnO +H O− +
+ →  (3) 

On the other hand, the (002) plane in ZnO structure has the highest atomic density and 
possesses the lowest surface free energy. Therefore, the growth of a preferred c-axis oriented 
ZnO nanorod thin films can be easily driven at such low growth temperature. Additionally, 
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Lee et al. pointed that the surface morphology of ZnO seed layer can also significantly 
influence the prefer-oriented growth of ZnO nanorods (Lee et al., 2007). The smaller surface 
roughness of ZnO seed layer can induce the growth of ZnO nanorod with highly c-axis 
preferred orientation. In our system, when the grain size of ZnO seed layer is larger than 20 
nm, the (100) and (101) diffraction peaks can be detected (XRD patterns are not shown here), 
which indicates that some ZnO nanorods do not vertically align very well and are inclined 
to the substrate surface. The ZnO seed layer with larger grains has higher roughness and 
can induce the formation of inclined ZnO nanorods and more unfilled inter-columnar voids 
between ZnO nanorods, as described in some published literatures. (Lee et al., 2007; Zhao et 
al., 2006) This phenomenon results in the ZnO nanorod thin films with lower densification 
and transmittance. The influence of ZnO seed-layer morphology on the preferred 
orientation of resulting ZnO nanorod thin films will be the subject of a separate study in the 
future. 

 
Fig. 5. Growth mechanism of ZnO nanorod thin film prepared at 75 °C/1.5-6 h (multiple-
stepwise route). 

3.4 Optical properties 

3.4.1 Optical transmittance spectra 

Figures 6(a)-6(c) show the optical transmittance spectra of ZnO nanorod thin films 
fabricated at 75 °C/1.5-6 h (multiple-stepwise route), 75 °C/1.5-6 h (one-step route), and 95 
°C/1.5-6 h (multiple-stepwise route), respectively. The obvious interference fluctuation in 
the transmission spectra of ZnO nanorod thin films fabricated at 75 °C/1.5-6 h (multiple-
stepwise route) are due to the interference phenomena of multiple reflected beams between 
the three interfaces: air-ZnO nanorods film, ZnO nanorods film-silica glass, and silica glass-
air. The average visible transmittance calculated in the wavelength ranging 400-800 nm of 
the ZnO nanorod thin films fabricated at 75 °C for 1.5, 3, 4.5, and 6 h are 87.9, 87.5, 84.9, and 
84.7%, respectively. Generally, there are three factors influencing the transmittance of ZnO 
nanorod thin films: (a) surface roughness, (b) defect centers, and (c) oxygen vacancies 
(Mohamed et al., 2006). In our system, the decrease of transmittance for the ZnO nanorod 
thin films fabricated at 75 °C for 1.5, 3, 4.5, and 6 h with the 100-800 nm in thickness could be 
related to two factors. One is the thicker ZnO nanorod thin films had larger hexagonal grain 
size and larger surface roughness. The other is the higher absorption effect for thicker films. 
The absorption coefficient can increase with the present of oxygen vacancies which is 
disclosed by the PL spectra (Figure 9) in the next section. Moreover, it is interesting to note 
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that Figure 6(a) clearly indicates the red-shift in the fundamental absorption edge with the 
increase of film thickness. The sharp absorption edge at wavelengths of approximately 370 
nm is very close to the intrinsic band gap of ZnO (3.37 eV) and the red-shift of absorption 
edge will be also discussed in the later part.  

No obvious interference fluctuations in the transmission spectra were observed in the ZnO 
nanorod thin films fabricated at 75 °C/4.5 and 6 h (one-step route), and 95 °C/1.5-6 h 
(multiple-stepwise route), as shown in Figs. 6(b) and 6(c). Based on the SEM photographs 
[Figs. 2(e)-(j)], these films are composed of a bundle of the ZnO nanorods with smaller 
diameter, and these ZnO nanorods do not coalesce together very well, which results in the 
formation of lots of unfilled inter-columnar volume and coarse surface in these ZnO 
nanorod thin films. In addition, some ZnO nanorods do not vertically align very well and 
they are inclined to the substrate surface. Therefore, the low transmittance and no 
fluctuation could be attributed to the incident light experiencing multiple random scattering 
between unfilled inter-columnar voids, inclined ZnO nanorods, and perpendicular ZnO 
nanorods in the poor-quality ZnO nanorod films. This effect leads to the destruction of the 
interference of multiple reflections, no obvious interference fluctuations in the transmission 
spectra and lower transmittance. 

3.4.2 Refractive index and packing density 

The refractive index (n) of the ZnO nanorod thin films were derived from the transmittance 
spectra using Swanepoel’s method (Swanepoel, 1983). For those ZnO nanorod thin films 
with no obvious interference fluctuations in the transmission spectrum, the refractive index 
of can not be derived by Swanepoel’s method. Figure 7 shows that the refractive index of 
ZnO nanorod thin films fabricated at 75 °C are strongly dependent on the growth time. 

The refractive indices (n at λ = 550 nm) of the ZnO nanorod thin films fabricated at 75 °C for 
3, 4.5, and 6 h are 1.70, 1.71, and 1.74, respectively. The increase in n of the ZnO nanorod 
thin films with rising growth time is considered as a result of the increase in compactness 
and crystallinity, which is consistent with previous XRD and SEM investigations. 

In order to evaluate the extent of porosity presenting in the ZnO nanorod thin films, the 
packing density (P) was evaluated using the following Bragg–Pippard formula which is 
more suitable for the film with columnar or cylindrical grains (Harris et al., 1979). 

 n

4 2 2
2 v v b
f 2 2

v b

(1 - ) + (1 + )
=

(1 + ) + (1 - )

P n P n n

P n P n
 (4) 

where P is expressed as the packing density. The nf, nv and nb are the refractive indices of 
the porous films, the voids (nv=1or empty voids) and the bulk materials, respectively. 

After calculation, Figure 8 shows the variation of packing densities with growth time for the 
ZnO nanorod thin films grown at 75 °C. The packing densities of the ZnO nanorod thin 
films fabricated at 75 °C for 3 and 6 h increase from 0.81 to 0.84. The packing density 
increases with the increase of thickness and refractive index, and reaches to a maximum 
value at a film thickness of ~800 nm, which could be attributed to the significant reduction 
in the porosity and increase in the crystallinity [supporting SEM photographs, Figs. 2(a)-(d), 
and XRD pattern, Figure 4]. 
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Fig. 6. Optical transmittance spectra of ZnO nanorod thin films fabricated under the 
conditions of 0.05 M, seed-layer grain size of ~20 nm, and (a) 75 °C/1.5-6 h (multiple-
stepwise route), (b) 75 °C/1.5-6 h (one-step route), and (c) 95 °C/1.5-6 h (multiple-stepwise 
route). 
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Fig. 7. Wavelength dependence of refractive index for ZnO nanorod thin films fabricated 
under the conditions of 0.05 M, seed-layer grain size of ~20 nm, multiple-stepwise route, 
and 75 °C/different growth time. 

Because of the demands of compactness and high transmittance, most of the commercialized 
optical thin films are made by reactive sputtering technology under the high-vacuum and 
high-temperature condition. For comparisons, refractive indexes and packing densities of 
the sputtered ZnO films are quoted from some published reports. According to an 
investigation by Moustaghfir et al., the refractive index (n at λ = 633 nm) and packing 
density of the radio frequency (r.f.) magnetron reactive sputtered ZnO film (a thickness of 
~800 nm) fabricated under the sputtering conditions of a working pressure of 1 Pa, a r.f. 
power density of 0.89 Wcm-2, Ar-O2 ratio 95: 5, and the substrate temperature of room 
temperature (RT) were 1.89 and 0.93, respectively, and they could be enhanced to 1.91 and 
0.94 by further annealing at 400 °C/1 h (Moustaghfir et al., 2003). Additionally, an earlier 
study of the r.f. magnetron reactive sputtered ZnO film (a thickness of 1000 nm) fabricated 
under the sputtering conditions of a working pressure of 1.33×10-2 m bar, a r.f. power of 500 
W, Ar-O2 ratio 40: 60, and the substrate temperature of room temperature (RT)  by Mehan et 

al. revealed that the refractive indexes (n at λ = 550 nm) were 1.980 (neb: extra ordinary 
refractive index ) and 1.963 (nob: ordinary refractive index), as well as packing densities were 
0.986 and 0.978  (extra ordinary refractive index of bulk ZnO, neb = 2.006, and ordinary 
refractive index of bulk ZnO, nob = 1.990), respectively (Mehan et al., 2004). Although lots of 
parameters can influence the quality of sputtered ZnO films, such high refractive index and 
packing density may be the extreme values for the sputterred ZnO films. In our system, the 
optical transmittance (85 %), refractive index (1.74) and packing density (0.84) of optimum 
solution-growth ZnO nanorod thin film (a thickness of ~800 nm) is lower than that of the 
high-quality sputtered ZnO films. However, the solution-growth method is still a good 
technology for the fabrication of low-cost and low-temperature grown ZnO thin films. 
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Fig. 8. Variation of packing densities and refractive indexes as a function of growth time for 
the ZnO nanorod thin films prepared under the conditions of 0.05 M, seed-layer grain size 
of ~20 nm, multiple-stepwise route, and 75 °C. 

3.4.3 Photoluminescence spectra 

Figure 9 shows the room temperature photoluminescence (PL) spectra of ZnO nanorod films 
fabricated at 75 °C/4.5 h, 75 °C/6 h, 95 °C/1.5 h, and 95 °C/3 h by multiple-stepwise route. 
The intense UV emission at 377-383 nm is due to the recombination of free excitons (Chen et 
al., 1998; Cho et al., 1999; Park et al., 2003). Obviously, the ZnO nanorod films prepared at 95 
°C has more intense UV emission than that of ZnO nanorod films prepared at 75 °C. The 
intensity of UV emission is ascribed to film crystallinity, and the higher crystallinity 
possesses the higher intensity of UV emission (Wang & Gao, 2003). Compared the UV 
intensity of ZnO nanorod films prepared at 75 °C/6 h with that of the ZnO nanorod films 
prepared at 95 °C/1.5 h, these two films have similar thickness (~800 nm) and XRD 
diffraction intensities but the UV intensities are quite different. Therefore, the crystallinity of 
well-shaped hexagonal ZnO nanorod films prepared at 95 °C/1.5 h should be higher than 
that of ZnO nanorod films prepared at 75 °C/6 h even though the XRD diffraction 
intensities could not be used to make a judgment of crystallinity for these two films.  

On the other hand, all of the PL spectra of ZnO nanorod films exhibit the obvious green-
yellow emission at ~572 and ~600 nm, which are associated with the oxygen vacancies and 
oxygen interstitials, respectively (Ohashi et al., 2002; Studenikin et al., 1998; Wu et al., 2001). 
However, the ZnO nanorod films prepared at 75 °C had more intense green-yellow emission 
than that of ZnO nanorod films prepared at 95 °C, which indicates that the lower growth 
temperature could induce the formation of more oxygen vacancies and interstitials during 
the ZnO nanorods coarsen and aggregate together. In addition, the yellow emission of ZnO 
nanorod films prepared at 75 °C gradually dominated by increasing growth time, which 
indicates that the green emission and yellow emission compete with each other, and more 
oxygen interstitials are produced with increasing growth time and film thickness. The 
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above-mentioned PL phenomena imply that our most compact and highly c-axis-oriented 
ZnO nanorod films still possess lots of oxygen vacancies and interstitials. 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

Fig. 9. Room temperature PL spectra of ZnO nanorod thin films fabricated under the 
conditions of 0.05 M, seed-layer grain size of ~20 nm, multiple-stepwise route, and different 
growth temperatures/time. 

3.4.4 Optical band gap 

The optical band gap (Eg) of the ZnO nanorod thin film which is a direct-transition-type 

semiconductor can be related to absorption coefficient (α) by  

 ⋅αhν hν 1/2
g= const ( - E )  (5) 

Here we assume the absorption coefficient α=(1/d)ln(1/T), where T is the transmittance and 
d is the film thickness (Serpone et al., 1995; Tan et al., 2005). Figure 10 plots the relationship 
of (αhν)2 versus photon energy (E) of the ZnO nanorod thin films fabricated under 75 °C/3-6 
h and the extrapolated optical band gaps of the films are determined. When the growth time 
increases from 3 to 6 h, the values o f Eg decrease from 3.35 to 3.31 eV which gradually 
diverges from the intrinsic band gap of ZnO (3.37 eV). It is known that the energy band gap 
of a ZnO thin film could be affected by the residual strain (Mohamed et al., 2006; Puchert et 
al., 1996; Srikant & Clarke, 1997), defects (Burstein, 1954; Dong et al., 2007; Moss, 1954; Sakai 
et al., 2006), and grain size confinement (Prathap et al., 2008; Wang et al., 2003). For ZnO 
nanorod thin films fabricated at 75 °C for 3 to 6 h, the average grain sizes enlarge from ~105 
to ~200 nm and the film thicknesses increase from ~460 to ~800 nm, which results in the 
variation of strain from -0.26 to -0.32%. In addition, the PL intensity of yellow emission 
gradually increases and the more oxygen interstitials are produced. Prathap et al. found the 
energy band gaps increased with the increase of film thickness and grain size in ZnS films 
fabricated by thermal evaporation (Prathap et al., 2008). Wang et al. also observed that the 
peak position of free excitonic emission redshifted from 3.3 to 3.2 eV with an increase of 
grain size from 21 to 64 nm, which could be attributed to the quantum confinement effect 
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(Wang et al., 2003). Although many factors influence the variation of energy band gap, in 
our system the energy band gaps increasing with the increase of film thickness might be 
related to the dependence of enhanced strain, enlarged grain size and more oxygen 
interstitials. 

 
Fig. 10. (αhν)2 as a function of photon energy for the ZnO nanorod thin films prepared 
under the conditions of 0.05 M, seed-layer grain size of ~20 nm, multiple-stepwise route, 75 
°C, and different growth time. 

4. Conclusion 

Highly c-axis-oriented ZnO nanorods thin films were obtained on silica glass substrates by a 
simple solution-growth technique. The fabrication of highly dense ZnO nanorod thin films 
are highly dependent on the different zinc ion concentrations, growth temperatures, growth 
time, growth routes, and ZnO seed-layer morphologies. The higher zinc ion concentrations, 
growth temperature, and growth time can induce ZnO nanorods with larger diameter and 
length. The most compact and vertically-aligned ZnO nanorod thin film with the thickness 
of ~800 nm and average hexagonal grain size of ~200 nm exhibits the extremely C-axis 
orientation, average visible transmittance 85%, refractive index 1.74, packing density 0.84, 
and energy band gap 3.31 eV, and it was fabricated under the optimum parameters: 0.05 M, 
75 °C, 6 h, multiple-stepwise, and ZnO seed layer with an average grain size of ~20 nm. The 
photoluminescence spectrum indicates that the densest ZnO nanorod thin film possesses 
lots of oxygen vacancies and interstitials.  

As we demonstrate here, the solution-growth technique is a non-vacuum, low-temperature, 
low-cost, large-scale, easily controlled process for the fabrication of high-quality, optical-
grade ZnO thin films with highly compact ZnO nanorod arrays. In particular, this process 
can operate at low temperature without organic binders/surfactants or further heat 
treatment, and thus can be applied to flexible electronics. 
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