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The tailoring of optical properties of ZnO films caused by the evolution of the morphology is a subject of great concern. In this 
research, Al, Fe and Cl (Al-Fe-Cl) incorporated ZnO films were deposited by the sol-gel technique and the annealing 
time-dependent evolution of morphology and optical properties were analyzed in detail. The results show that pyramid-like 
grains are formed on the film surface after annealing treatment. When the annealing time exceeds 1 h, the pyramid-like 
grains on the film surface begin to aggregate. With the further increase of the annealing time, the aggregation of the 
pyramid-like grains becomes more obvious. In addition, the increase of annealing time greatly changes the luminescence 
behavior of ZnO thin films. 
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1. Introduction 
 

Zinc Oxide (ZnO) is a very important wide bandgap 

semiconductor. Nanoscaled ZnO material exhibits novel 

optical, magnetic and electrical properties [1-5], which 

make it be applicable to many devices and new technology 

fields such as linear-piezoelectric actuators [6], ultraviolet 

photodetectors [7, 8], thin film transistors [9], 

anti-reflection layers in solar cells [10], triethanolamine 

sensors [11], photocatalysts [12, 13], light-emitting 

devices [14, 15], etc. At present, there are many methods 

for preparing nano-ZnO thin films, among which the 

sol-gel process is recommended by many researchers due 

to some outstanding advantages. These outstanding 

advantages include molecular-level doping, low cost, high 

purity of the films, simple operation, and easy preparation 

of multi-component metal oxide films [16]. Previously, 

Phan et al. [17] found that compared with ZnO thin films 

prepared by magnetron sputtering, those prepared by 

sol-gel method were more suitable for optoelectronic or 

UV/blue light devices at the nanoscale. It is well known 

that the metal-oxide thin films fabricated by the sol-gel 

process need proper heat-treatment to remove the solvent 

and other organic substances in the sol films and make the 

films crystallize. Therefore, the physical characteristics of 

ZnO films prepared by sol-gel technique are more 

dependent on heat-treatment conditions than those 

deposited by other techniques. Sengupta et al. [18] 

reported that different annealing temperatures greatly 

changed the growth orientation, morphology, 

transmittance and bandgap of ZnO films fabricated by 

sol-gel technique. Yatskiv et al. [19] found that the emitted 

photon energy from ZnO film prepared with a sol-gel 

technique could be gradually converted from 2.8 eV (blue 

light) to 1.8 eV (red light) by thermally treating it in air 

and argon at different temperatures. Kim et al. [20] grew 

ZnO thin films using the sol-gel technique on glass 

substrates, and found that different annealing ways 

significantly changed the surface morphology of the films. 

In a previous study, we reported the influence of 

Al-Fe-Cl incorporation on the morphology, microstructure 

and photoluminescence behavior of ZnO films [21]. It was 

found that the co-doping of Al and Cl resulted in the 

occurrence of many pyramidal grains with high-quality on 

the surface of ZnO thin films, which led the films to have 

a strong UV emission. The presence of Fe did not 

influence the formation of the pyramidal grains with high 

crystal quality and seemed to be more favorable for the 

improving the density of the films. In view of the 

attractive optical properties exhibited by the films and the 

wide potential utilizations of Al-Fe-Cl co-doped ZnO 

films [22, 23], in this research, we further explored the 

impact of annealing time on ZnO thin films co-doped with 

Al, Fe and Cl ions fabricated by sol-gel process. The 

results show that with the prolongation of annealing time, 

the pyramid-shaped grains on the film surface gradually 

aggregate and significantly affect the photoluminescence 

behavior, while the polycrystalline ZnO layer at the 

bottom of the film slightly changes. To our knowledge, 

ZnO coatings deposited by sol-gel method exhibiting 

different structural evolution with heat treatment time have 

rarely been reported.  

 

 

2. Experimental 
 

The films were fabricated by spin-coating sol 

technique. Firstly, a precursor solution for ZnO was 
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prepared by the following steps. Zn(CH3COO)2•2H2O, 

Fe(NO3)3•9H2O and AlCl3•6H2O were put into ethanol 

according to a certain percentage. The mixture was stirred 

for 1 h at 65 
o
C. At the same time, monoethanolamine as a 

stabilizer was added into the mixture drop by drop. Then, 

homogeneous and clear ZnO sol was obtained. The 

concentration of zinc acetate was 0.4 mol/L. The doping 

concentrations of Al and Fe were 12 and 3 at.%, 

respectively, relative to Zn. After the sol was hermetically 

placed for 24 h, it was spin-coated on a substrate which 

was not heated to form a sol layer. The substrate with the 

sol-layer was placed in air for 2 min and then preheated at 

300
 o

C for 4 min in a muffle furnace. The process from 

coating sol-layer to preheat-treatment was performed 8 

times. Finally, the ZnO coatings were annealed at 450 
o
C. 

To investigate the effect of different annealing times on 

Al-Fe-Cl co-doped ZnO films, six samples were annealed 

for 0, 0.5, 1.0, 1.5, 2.0 and 2.5 h, respectively. The 

annealing process was performed in an air atmosphere. 

The surface morphology of the films was examined 

by field emission scanning electron microscopy (FE-SEM, 

S-4800). The crystallographic structures of the films were 

analyzed by X-ray diffractometer (XRD, Bruker D8). The 

composition and the distribution of doped elements were 

determined by an energy dispersive spectrometer (EDS) 
attached to the FE-SEM. The surface composition and 

valence state of the elements were investigated by an 

X-ray photoelectron spectrometer (XPS, Thermo escalab 

250Xi). The photoluminescence (PL) behavior of the 

samples was studied using a spectrometer with an 

excitation wavelength of 325 nm.   

 

 

3. Results and discussion 
 
Crystal structure features of the films subjected to 

different annealing times are revealed by XRD patterns 

which are illustrated in Fig. 1. The unannealed sample 

exhibits a very weak (002) diffraction peak, indicating that 

the ZnO grains in this sample are small and it contains a 

large amount of amorphous components. After annealing 

all samples exhibit two diffraction peaks, namely (002) 

and (004) peaks. This confirms that the films are highly 

oriented toward the c-axis direction. When the annealing 

time exceeds 60 min, the intensity of the (002) peak 

gradually decreases. This indicates that the growing trend 

of ZnO grains toward the c-axis is weakened. From the 

FE-SEM images in Fig. 2, it can be known that when the 

annealing time exceeds 60 min, the pyramid-shaped 

nanostructures on the film surface begin to aggregate. The 

growth mode of the grains on the film surface changed 

from vertical growth to lateral growth, which led to the 

decline of the (002) peak intensity. Although the doping 

concentration of Al is high, there is no impurity phase 

associated with it, such as zinc aluminate, alumina, etc. 

Previously, Monserrat Bizarro also reported that Al can be 

doped into ZnO lattice with high concentrations [24]. This 

suggests that Al has a high solid solubility in ZnO. 
 

 
 

Fig. 1. XRD patterns of Al-Fe-Cl co-doped ZnO thin films 

 with different annealing time (color online) 

 

 

Fig. 2 displays the morphologies of ZnO films with 

different annealing times. When the sample is not 

annealed, there are many sheet-like structures on the film 

surface, similar to the ZnO-film morphologies reported by 

Kim et al. [20] and Rana et al. [25]. In this case, the 

spherical grains in the film are uniform but tiny. When the 

annealing time reaches 0.5 h, many pyramid-shaped grains 

appear on the film surface. Our previous study has shown 

that these pyramid-shaped grains are single-crystals and 

have high crystalline quality [21]. According to the size, 

grains can be divided into three types: small grains, 

medium grains and large grains. Apparently, proper 

annealing treatment is a necessary condition for the 

formation of pyramid-like nanostructures. Furthermore, it 

can be observed from the cross-sectional topography that 

the thickness of the sample subjected to the annealing 

treatment for 0.5 h decreased compared to the unannealed 

sample. This decrease in thickness may be attributed to 

two factors: (1) some components in the as-deposited film 

are removed in the form of H2O, HCl, CO2 or CO, NOx, 

etc; (2) during the heat treatment, some Zn atoms at the 

bottom layer migrate to the surface and combine with 

oxygen to form pyramid-like nanostructures. In addition, it 

can be noticed that the grains in the polycrystalline layer at 

the bottom of the film slightly increase in size compared 

with those in the unannealed film. When the annealing 

time exceeds 1 h, the pyramid-like grains on the film 

surface exhibit obvious coalescence. The small and 

medium-sized grains gradually aggregate to and connect 

with the large grains, but the grain boundaries are still very 

clear.  



Annealing time-dependent evolution of morphology and luminescence behavior of zinc oxide thin films         235 

 

  

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Fig. 2. SEM images of Al-Fe-Cl co-doped ZnO thin film with different annealing time: 0 h (a1-a3), 0.5 h (b1-b3),  

1.0 h (c1-c3), 1.5 h (d1-d3), 2.0 h (e1-e3) and 2.5 h (f1-f3) 
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The aggregation behavior becomes more pronounced with 

further increase of annealing time. In this case, more of the 

polycrystalline ZnO layer at the film bottom is exposed 

due to small-sized and medium-sized grains migration. 

The above evolution is important because it will directly 

lead to the changes in the optical properties of the ZnO 

thin films described later. Previously, Tan et al. [26] 

observed that the coarsening behavior of ZnO films had a 

threshold temperature, which ranged from 600 to 700 °C; 

when the annealing temperature was lower than 800 °C, 

Ostwald ripening dominated the coarsening process of 

ZnO grains. For our samples, the annealing temperature 

was 450 °C, which is below the threshold temperature 

observed by Tan et al. However, the pyramid-like grains 

on the films surface also show obvious coalescence 

behavior. The difference in temperature threshold should 

originate from the different deposition methods of ZnO 

thin films [27]. Interestingly, at 450 °C, it is the 

pyramid-like grains in the upper layer, which show 

coalescence behavior, while the bottom ZnO 

polycrystalline layer does not show observable coarsening 

behavior. The reason why the coarsening behavior does 

not occur in the lower layer of the film is due to the Zener 

pining-effect [28]. EDS analysis has shown that the doped 

elements are mostly located in the bottom polycrystalline 

layer [21, 29], so the pinning effect occurs in the bottom 

polycrystalline layer rather than in the surface layer. 

Moreover, it is observed from Fig. 2 that the prolongation 

of annealing time hardly enhances the maximum height of 

the pyramid-like grain (about 350 nm), which may be 

caused by the limited diffusion length of Zn atoms. 

Moreover, the thickness of the bottom polycrystalline 

layer is always uniform and dense. 

In order to determine the composition of the films, a 

representative sample was selected for EDS analysis. Fig. 

3 illustrates the related EDS spectra. The elements of Zn, 

Si, Fe, Pt, Al, C, O and Cl are definitely found in the 

polycrystalline-layer at film bottom. The Si signal is from 

the substrate; the Pt signal is from the Pt particles 

intentionally sprayed before the detecting; the C signal 

should be from the CO2 adsorbed on the sample surface, 

and the other signals are from the sample itself. Although 

the Cl signal is weak, it still exists. This indicates that 

during heat-treatment, Cl is not completely removed in the 

form of Cl2 or/and HCl, but part of it enters into ZnO 

lattices as a replacer for oxygen atoms (ClO). However, for 

the pyramid-like ZnO grains, the detected signals of the 

doped elements are very low. This means that the doped 

elements of Al, Fe and Cl are all mainly located in the 

bottom polycrystalline layer [21]. This result is in 

agreement with that reported by Huang et al. [29]. Because 

the pyramid-like ZnO grains do not contain doped 

elements, they will not produce lattice distortion caused by 

doping, which make them have high crystal quality. The 

excellent crystal quality is the origin of the very high UV 

emission efficiency. In order to further understand the 

elemental distribution, the researchers collected mapping 

images on the selected rectangular area in Fig. 3(b). It can 

be confirmed from Fig. 4 that the doped elements of Al, 

Fe, and Cl are equably incorporated into the 

polycrystalline ZnO layer, and no aggregation state is 

observed. 

 
 

 
 

Fig. 3. EDS spectra for a typical sample (the scale bar is 500 nm) (color online) 
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Fig. 4. Elemental mapping images of O, Zn, Al, Fe and Cl in the Al-Fe-Cl co-doped ZnO thin film (the scale bar is 250 nm) 

 (color online) 

 

 

To more understand the chemical state of the doped 

elements in the ZnO films, we measured the XPS spectra 

on a representative sample, which are displayed in Fig. 5. 

Fig. 5(a) shows that two geometrically symmetrical Zn 2p 

signal peaks are positioned at 1021.1 and 1044.2 eV, 

respectively, with a distance of 23.1 eV, implying that 

Zn
2+

 is the ionic state of Zn in the film. Fig. 5(b) presents 

the high-resolution O 1s peak that is not geometrically 

symmetric, implying that O on the ZnO surface is in 

different chemical states. By Gaussian fitting this signal 

peak, it can be seen that the signal peak of O 1s is 

composed of two subpeaks positioned at 530.3 and 532.0 

eV respectively. The signal at 530.3 eV is derived from 

lattice oxygen, while the signal at 532.0 eV may have 

originated from oxygen-containing species adsorbed on 

the ZnO surface [29, 30]. Fig. 5(c) displays the signal peak 

of Al 2p at 74.0 eV, which is consistent with the binding 

energy of Al in Al2O3, indicating that Al exists in the +3 

valence state [29]. It can be noticed from Fig. 5(d) that the 

2p 3/2 and 2p 1/2 signal peaks of Fe are positioned at 

710.6 and 724.7 eV, respectively, suggesting that Fe exists 

in the +3 valence state [30]. The signal peak of Cl 2p is 

located at 198.5 eV, which means that it exists in the -1 

valence state. 
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Fig. 5. Typical XPS spectra of Al-Fe-Cl co-doped ZnO thin film: (a) high-resolution spectrum of Zn 2p, (b) high-resolution  

spectrum of O 1s, (c) high-resolution spectrum of Al 2p, (d) high-resolution spectrum of Fe 2p and (e) high-resolution spectrum  

of Cl 2p (color online) 

 

 

Fig. 6 presents the luminescence spectra of the films 

subjected to different annealing times. The unannealed 

sample shows a weak UV emission peak and relatively 

strong visible emission bands. It can be seen from the inset 

in Fig. 6 that the visible emissions contain not only green 

emission (about 510 nm), but also blue emission (about 450 

nm) and red emission (690 nm). The blue-violet emission in 

ZnO is thought to be associated with zinc interstitials [31], 

while the green and red emissions may be derived from 

oxygen defects [32]. The XRD and PL results indicate that 

the unannealed Al-Fe-Cl co-doped ZnO film has poor 

crystalline quality and high point-defect density. The UV 

emission intensity rapidly increases with the prolongation 

of annealing time at first. Compared with the UV emission 

of pure ZnO film, that of the samples with pyramid-like 

grains on film surface is greatly enhanced. The enhanced 

UV emission originates from the highly crystalline 

pyramid-like nanostructures [21]. When the annealing time 

is 1 h, the UV emission intensity of the ZnO film reaches 

the maximum value. When the annealing time is more than 

1 h, the UV emission intensity decreases. This decrease in 

UV emission intensity should be attributed to the evolution 

of film morphology derived by the increase of annealing 

time. It can be noticed from Fig. 2 that as the annealing time 

exceeds 1 h, the polycrystalline ZnO layer at the film 

bottom is more exposed due to the aggregation of 

pyramid-like grains on the surface. Therefore, part of the 

PL signal obtained in this case originates from the bottom 

polycrystalline ZnO layer. The crystal quality and UV 

emission efficiency of the polycrystalline ZnO layer are 

much lower than that of the pyramid-shaped single crystal 

ZnO grains in the upper layer. Therefore, the UV emission 

intensity decreases when the annealing time is too long. 

This means that choosing an appropriate annealing time is 

beneficial to obtain better optical quality for ZnO films with 

highly crystalline pyramid-like or columnar grains on the 

surface. 
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Fig. 6. Photoluminescence spectra of Al-Fe-Cl co-doped  

ZnO thin films with different annealing time (color online) 

 

 

4. Conclusions 
 

In this study, Al-Fe-Cl incorporated ZnO films were 

fabricated by spin-coating approach, and the influence of 

annealing-time on the surface morphology and 

luminescence behavior of the samples was explored. The 

results show that the annealed films have lots of 

pyramid-shaped grains on the surface; the cross-sectional 

morphology clearly reveals that the films are composed of 

the upper and lower layers. The annealing time shows 

different effects on the upper and lower layers of the ZnO 

films. Oswald ripening appeared in the upper pyramid-like 

structure, while the polycrystalline layer at the film bottom 

changed little due to the pinning effect of doping, and the 

coarsening behavior did not occur. The evolution of the 

surface morphology of the ZnO thin films has an 

important effect on the luminescence behavior. With the 

increase of annealing time, the UV emission is first greatly 

enhanced, which is derived from the occurrence of 

pyramid-like grains with highly crystalline quality; then, 

the UV emission decreases, which is ascribed to the 

coalescence of pyramid-like grains that exposes more of 

the bottom polycrystalline layer. The results are beneficial 

to develop high-quality ZnO materials for UV-emitting 

devices. 
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