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Abstract. The effect of electron beam (EB) annealing duration on the properties of 

pure ZnO thin films was studied. Pure ZnO precursor films prepared by sol-gel spin 

coating method were directly annealed by EB for different duration from 20 s to 480 s. 

The structural, optical and electrical properties were investigated. XRD patterns show 

(002) preferential growth for all the ZnO films. SEM results reveal that the average 

grain size changes from ~10 nm to ~70 nm with the increase of annealing duration and 

AFM results show the surface RMS roughness is less than 3 nm. The optical 

transmittance spectra present the absorption edge of the films is at about 380 nm and 

the average transmittance is more than 85% in visible region. It’s exciting to find that 

the ZnO film annealed for only 120 s exhibits resistivity 2×10-2 Ωcm and carrier 

concentration as high as 5.5×1019 cm-3, which shows an advantage of EB annealing in 

the preparation of ZnO transparent conductive films. 

1.  Introduction 

Tin-doped indium oxide (ITO), used in solar cells [1,2], thin film transistors (TFTs) [3,4] and light-

emitting diodes (LED) [5,6] during the past 50 years and today [7], is the most important transparent 

conductive oxides (TCO). Unfortunately indium is toxic and expensive. Zinc oxide (ZnO) becomes 

one of the most promising candidate of ITO because it presents some advantages such as nontoxicity, 

low cost, high thermal and chemical stability. ZnO is a native n-type semiconductor with a direct wide 

band gap of 3.36 eV [8], which makes it conductive and transparent in visible range. The conductivity 

of pure ZnO can be further improved by increasing oxygen vacancy or doping with IIIA (B, Al, Ga, 

in), IIIB (Sc, Y, La), IVA (Ti, Zr, Hf) and IVB (Si, Ge, Sn) elements and non-metal anions, such as Cl 

and F [7].  

Many methods, such as magnetron sputtering [9], atomic layer deposition (ALD) [10], pulsed laser 

deposition (PLD) [11], chemical vapor deposition (CVD) [12] and sol-gel method [13], have already 

been utilized to prepare ZnO thin films. Among the synthesis methods, sol-gel process is widely 

studied due to the easy control of film composition and low cost for fabrication of large-area film [14]. 

Nevertheless, the main shortcoming of sol-gel is the relatively long post annealing process. It usually 

takes several hours to anneal the precursor and the resistivity of pure ZnO thin film is higher, up to 

101 or 102 Ωcm [15-18]. Research results find that the preparation method and post annealing process 
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play an important role in the electrical characteristic of ZnO films [19]. And EB irradiation proved to 

be an effective way to improve the optical-electrical properties of TCO film. For example, the optical-

electrical properties of Au/ITO and ITO/Au/ITO multilayer thin films deposited by EB evaporation 

were enhanced by applying EB irradiation [20]. The resistivity of doped and undoped ZnO films 

irradiated by EB decreased [16, 17]. In addition, our previous work [21] has demonstrated that EB 

annealing combined with sol-gel method is a new way to prepare ZnO transparent conductive films. 

The pure ZnO thin film annealed for 5 min with carrier concentration 6.30×1019 cm-3 and resistivity 

1.57×10-2 Ωcm was obtained. High energy electrons are used to heat the sample during the EB 

annealing process. The surface temperature of the sample rises rapidly when exposed to EB, and falls 

quickly to the room temperature when EB exposure stops [22]. What’s more, EB annealing process is 

conducted in vacuum and the cooling rate is quick, which is important to prepare ZnO with high 

electrical performances. Annealing in vacuum atmosphere can increase the concentration of oxygen 

vacancies and rapid cooling process can help to stop the diffusion of oxygen back into the ZnO film 

[23-25]. Hence the electrical properties of ZnO film can be improved. Here we mainly study the effect 

of EB annealing duration especially ultrashort time on the properties of pure ZnO thin films. 

2.  Experiments 

2.1.  Films preparation  

The preparation process of ZnO precursor film in this experiment has been described in detail 

elsewhere [21]. Briefly the pure aged 0.75 M sol solution was deposited over substrates, 10×10×0.5 

mm3 in size, via spin coating at spin speed of 600 rpm for 6s and 3000 rpm for 30 s. To remove the 

organic residues the coated substrates were dried on a hotplate at 300 °C for 10 min. The above steps 

including deposition and drying were repeated 9 times in order to obtain a reasonable thickness. Then 

the precursor films were directly annealed in an EB annealing equipment, EBW-3H, with vacuum 

pressure 4.0×10-3 Pa, accelerating voltage 10 kV, beam current 0.7 mA and beam diameter 2 cm. The 

annealing duration varied from 20 s to 480 s. What needs illustration is that the time zero is the 

moment when the precursor film is exposed to EB. 

2.2.  Characterization 

Spectroscopic ellipsometer (SE 850 DUV), X-ray diffraction (XRD, Bruker D8 ADVANCE), atomic 

force microscope (AFM, Bruker Nano Inc. ICON2-SYS) and scanning electron microscope (SEM, 

CARL ZEISS SIGMA) were used to mainly study the structural properties of the ZnO films. UV-Vis 

spectrophotometer (Varian Cary 5000) and Hall Effect measurements (HALL8800) were used to 

investigate the optical and electrical properties of the ZnO films respectively. 

3.  Results and Discussion 

3.1.  Structural properties 

Figure 1 shows the SEM images of ZnO films annealed for different duration. It can be seen that all 

the films consist of continuous nanometer-sized grains and the grains connect closely. And all the 

films show typical pores and voids [26, 27] which formed when the gas overflow during the annealing 

process. The average grain size increases from ~10 nm to ~70 nm with the expansion of annealing 

duration, which is because the precursor films can acquire enough energy from the incident EB and 

have enough time to grow into larger grains when the annealing duration expands. The larger grains 

can further help to fill the holes in the surface and that’s why the film annealed for 480 s reveals 

relative large grains and small number of holes.   

The AFM images of ZnO films are shown in Figure 2. And the surface roughness as manifested by 

root-mean-square (RMS) values was analyzed, as shown in Table 1. The small values indicate that the 

surface of the ZnO thin films is smooth. Furthermore, owing to the grain growth the surface RMS 
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roughness obviously increases with the expansion of annealing duration, which is also consistent with 

the SEM images shown in Figure 1. 

 

 

Figure. 1 SEM images of ZnO thin films. 

 

 

Figure. 2 AFM images of ZnO thin films. 
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Table. 1 The surface RMS roughness of ZnO thin films annealed for different time 

 20 s 60 s 90 s 120 s 240 s 360 s 480 s 

Rq (nm) 1.48 1.72 2.08 2.16 2.23 2.53 2.83 

 

Figure 3 shows the XRD patterns of all the ZnO films in the range of 30 to 60°. The 

crystallographic structure of all the films are confirmed to be Wurtzite ZnO. The major peaks are 

indexed to be from (100), (002), and (101) planes and the ZnO thin films grow towards the c-axis 

lattice orientation. It’s easy to find that the intensity of the (002) orientation increase notably as the 

annealing duration expands, which indicates the crystallinity of the ZnO films is enhanced [18]. As 

annealed for longer time, the films can obtain enough energy to reach crystallizing temperature and 

gain more time to grow into high quality grains.  

The grain size along the c-axis, the lattice constant c for the (002) orientation and the stress in the 

plane of all the films were calculated by the following three formulas respectively [26, 28]: 

 

 




cos

9.0

W
D                                                                      (1) 

 





sin
c                                                                       (2) 

 

0

0233
c

cc 
                                                               (3) 

 

Where D is the average dimension of the crystallites normal to the reflecting planes, λ is the X-ray 

wavelength (λ = 0.154 nm, Cu K), θ is Bragg angle of (002) peak, W is FWHM value, c0 is the lattice 

constant of power ZnO (c0 = 0.5205 nm) and c is the lattice constant of ZnO films in the experiment.    

The changes of 2θ, D, c and σ of ZnO thin films with different annealing duration are presented in 

Figure 4. As shown in Figure 4 (a) the value of (002) diffraction peak 2θ is larger than 34.421 º (value 

for ZnO Ref. Pattern: JCPDS 75-0576), which can be attributed to some factors such as interstitial 

defects and lattice strain [29]. The value of D ranges from 10 nm to 65 nm shown in Figure 4 (b), 

which is almost consistent with the SEM images presented in Figure 1.The positive value of σ shown 

in Figure 4 (d) implies that the crystallites are in a state of tensile stress and c < c0 as shown in Figure 4 

(c). The stress in the film is the combination of the intrinsic stress and the extrinsic stress. The intrinsic 

stress is closely in correlation with defects and lattice distortions in the crystal and the extrinsic stress 

is commonly considered to come from the mismatch of thermal expansion coefficients between the 

film and substrate [30].  

 

 

Figure. 3 XRD patterns of ZnO thin films 
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Figure. 4 The changes of 2θ (a), c (b), D (c) and σ (d) of ZnO thin films with annealing duration. 

3.2.  Optical properties 

Figure 5 shows the optical transmittance spectra of ZnO films in the wavelength range of 200-800 nm 

and the inset shows the average transmittance in visible region. It can be seen that all the films present 

sharp absorption edges at about 380 nm and relatively high average transmittance in visible region, 

over 85%. The average transmittance of the films increases with annealing duration, which is closely 

related to the crystallinity and the surface roughness of the films. When the annealing duration is less 

than 120 s, the films crystallize better and the grains grow larger as annealing duration expands. The 

number of grain boundary reduces and so does the grain boundary scattering of photons. As a result 

the transmittance increases rapidly. When annealing duration changes from 120 s to 360 s, the larger 

whole size and surface roughness of the films increase the scattering of photons, which leads to the 

slow increase of the average transmittance. And the ZnO film annealed for 480 s presents the highest 

average transmittance close to 94% due to its large grains and the small number of holes. 

To analyze the optical band gap of the ZnO thin films, the absorption coefficient,  of the films is 

firstly calculated [27, 31] 

 

 = - ln (T) / d                                                                      (4) 

 

Where T is the normalized optical transmittance obtained from optical transmittance spectra. D is 

the film thickness, 100 nm, measured by spectroscopic ellipsometer.  

And then the optical band gap, Eg, can be gained by using the following Tauc's model: 

 

   
g

n EhCh  
1

                                                              (5) 

 

Where h and υ are the Planck constant and frequency of the radiation respectively. N represents the 

nature of the transition. C is a constant. For ZnO the values of n and C are 0.5 and 1 respectively. 

Finally the values of optical energy gap can be obtained by extrapolating the linear part to  = 0 using 

Eq. (5), as shown in Figure 6. 
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Figure. 5 The optical transmittance and average 

 

 

Figure 6. (Αhν) 2-hυ curves of ZnO thin films. Transmittance in visible region of ZnO thin films. 

 

As annealing duration expands, the band gap of the films increases from ~3.26 eV to ~3.29 eV 

shown in Figure 6. In nanocrystalline, the ZnO film with larger grain presents wider band gap due to 

the dimensional effect [32-35]. In addition, based on the Burstein-Moss model, the higher carrier 

concentration in ZnO film can widen the optical band gap due to the lowest levels of the conduction 

band being filled with charge carriers in semiconductors [36]. The carrier concentration of the films 

will be discussed in next part.  

3.3.  Electrical properties 

The changes of the carrier concentration (n), Hall mobility (μ), and resistivity (ρ) of ZnO thin films 

annealed for different duration are shown in Figure 7. It is obvious that the decrease in film resistivity 

results from an increase in both carrier concentration and mobility. The mobility is significantly 

determined by the scatterings of impurity and grain boundary. When the annealing duration is less 

than 120 s, the grains in the films grow larger as annealing duration expands. Thus the mobility 

increases rapidly due to the decrease of grain boundary scattering. When the annealing duration is 

more than 120 s, the increase of impurity scattering like holes and the decrease of grain boundary 

scattering may reach a balance. So the mobility remains almost unchanged at a high level.  

It's worth noting that the ZnO films annealed for more than 120 s present resistivity ~2×10-2 Ωcm 

and carrier concentration ~ 5.5×1019 cm-3, which may be closely related to the characteristics of EB 

annealing. Annealing in vacuum contributes to the production of oxygen vacancies [23] and the 

oxygen vacancies hardly decrease in the rapid cooling process [37]. In the experiments here, with the 
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expansion of annealing duration the number of oxygen vacancies increase and became saturated when 

annealing duration is more than 120 s. Thus the carrier concentration increases firstly and remains at a 

higher value later. 

 

 

Figure 7. The carrier concentration, Hall mobility, and resistivity of ZnO thin films annealed for 

different duration. 

4.  Conclusion 

Based on the successful combination of sol-gel spin coating method and EB annealing, the effect of 

EB annealing duration, from 20 s to 480 s, on the properties of the ZnO films was studied. The results 

show that the crystallization of ZnO films is enhanced and grains grow larger with the expansion of 

annealing duration. The film annealed for 480 s presents the highest transmittance close to 94% due to 

less scattering of photons. What’s more, it’s surprising to find that the ZnO film annealed for only 120 

s exhibits resistivity 2×10-2 Ωcm and carrier concentration 5.5×1019 cm-3, which reveals that EB 

annealing is an effective method to prepare ZnO transparent conductive thin films.   
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