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In this work, the structural, electrical and optical properties of undoped ZnO amorphous thin films using Spray Pyrolysis 
deposition technique are presented. The structural measurements (XRD) show that for a film of thickness 20 nm, the 
material is in the amorphous phase. Therefore, this work is focused on the film of this thickness (20 nm). From the optical 
measurements, a transmission of 85 % as well as an energy-gap of 3.15 eV have been obtained. The electric conductivity 
and the Seebeck coefficient show a semiconductor-metal transition at around 305 K. Up to our knowledge, this transition is 
observed for the first time in amorphous ZnO thin films. It might be due to the oxygen adsorption above room temperature. 
In addition, three regimes are identified for the conduction mechanisms from the variation of both the electric conductivity 
and the Seebeck coefficient as a function of temperature. The standard transport model is used in  order to interpret the 
behavior of the conductivity and the Seebeck coefficient. At low temperatures (T  255 K), the conduction mechanism is 

dominated by the hopping between localized states. At temperatures 255  T  275 K, a brisk change in the conductivity 
and the Seebeck coefficient curves is observed; it might correspond to a transition zone of certain localized states close to 

the conduction band. At the end, for temperatures 275  T  305 K, the conduction mechanism is dominated by the non-
localized states.  
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1. Introduction 
 

Since zinc oxide ZnO is a semiconductor material 

with a wide band gap of 3.27 eV and a large exciton 

binding energy of 60 meV at room temperature, ZnO-

based thin films have been used for several applications 

such as transparent conducting oxide TCO, ultraviolet 

light emitters, solar cell windows, and bulk acoustic wave 

devices [1-4]. 

On the other hand, the reduction of thin films to 

nanometer dimensions for new technologies requires 

precise control of film thickness, conformity, and 

morphology. ZnO is known to be a transparent material. It 

is normally a non-degenerate semiconductor, but it can 

exhibit a relatively high conductivity [5] due to the many 

defects such as stoichiometric excess of zinc and vacancies 

introduced in the sample during film deposition. 

Generally, this oxide is also considered to be an n-type 

material due to oxygen deficiencies and interstitial Zn, 

which act as donors in the ZnO lattice [6].  

Spray pyrolysis technique has been widely used in the 

deposition of doped and undoped ZnO [7-13]. This 

technique has the advantages of low cost, easy-to-use, high 

growth rates, safety and can be implemented for large area 

depositions. Using this technique it is rather easy to vary 

the doping concentrations and hence to tailor the 

properties of the ZnO films [7]. 

Transport properties of these oxides depend on the 

deposition technique, film quality as well as film 

thickness. In particular, the electric conduction 

mechanisms depend on the structural properties of the thin 

films. Many studies on polycrystalline doped and undoped 

ZnO thin films prepared by different techniques have been 

reported [14-16]. In these studies, a metal-semiconductor 

transition was observed and investigated. In particular, N. 

Kavasoglu et al. [16] are the only group (up to our 

knowledge) who has reported work about such transition 

on polycrystalline undoped ZnO thin films using 

ultrasonic spray pyrolysis technique.  

In the present work, electric conduction mechanisms 

and metal-semiconductor transition phenomenon in 

amorphous undoped ZnO thin films prepared by spray 

pyrolysis technique will be presented and investigated. 

 

 

2. Experimental 
 

The well-known spray pyrolysis technique is a 

process in which a thin film is deposited by spraying a 

solution on a heated surface. The chemical precursors are 

selected such that the products other than the desired 

compound are volatile at the temperature of deposition. 

The process is particularly useful for the deposition of 

oxides and has long been a production method for 



Electric conduction mechanisms and metal-semiconductor transition in undoped amorphous ZnO thin films prepared…      483 

 
applying transparent electrodes. Undoped ZnO thin films 

have been deposited on a glass substrate. The precursor 

solution has been prepared starting with a mixture of 2.4 g 

of Zn(CH3COO)2 powder in different methanol volumes 

(with and without deionized water). The optimal 

parameters for the deposition have been chosen after many 

attempts in order to obtain an optimal electric 

conductivity. These parameters are: the concentration of 

zinc is 80 mg/ml, the solvent volume is 25 ml of methanol 

and 5 ml of deionized water, the deposition temperature is 

500
o
C.  

The structural characterization of the films, for 

different thicknesses, was carried out by X-Ray diffraction 

technique using an X-Ray diffractometer (Bruker D5000) 

with CuKα radiation (λ = 1.5418Ǻ).   

The optical transmission of the films was determined 

using a double beam UV-VIS-NIR spectrophotometer 

(SAFAS 200 DES) with 170-1010 nm wavelength range 

and 1 nm resolution.   

The electric conductivity and the thermopower 

measurements have been performed simultaneously using 

a home-made four probes technique, detailed elsewhere 

[17]. 

 

 

3. Results and discussions 
 

The XRD was used to analyze the growth orientation 

and to determine the main crystalline phases of undoped 

ZnO thin films. Fig. 1 shows the XRD spectra for different 

films thicknesses: 20 nm, 60 nm, 80 nm, 120 nm and 160 

nm. For the film of 20nm, it is obvious that the film is in 

the amorphous phase since there are no structures in the 

spectrum. 

 

 

Fig. 1. XRD pattern of ZnO for different thicknesses of 

the thin films (20nm, 60nm, 80nm, 120nm and 160nm). 

For the film of 20 nm,  it is obvious that the film is in the  
                              amorphous phase 

 

This figure shows that above a thickness of 80 nm the 

ZnO films start to be preferably oriented along a direction 

perpendicular to the crystallographic planes (002), with a 

diffraction peak at 2θ = 34.56
o
; this peak is more 

pronounced as the film thickness increases. For the 

undoped ZnO (002) and (101) peaks are much pronounced 

than all other peaks. This implies that this film exhibits a 

random orientation due to the fact that crystallites grew 

randomly on glass substrate. On the other hand, for 20 nm 

thickness the film seems to be in the amorphous phase 

since no crystallographic peaks were observed. The film 

with 20 nm thickness will be investigated in this paper as 

it is in the amorphous phase. 

Fig. 2 shows the optical transmittance spectrum of 

amorphous undoped ZnO (20nm thickness) measured at 

room temperature. The transmittance spectrum revealed 

that the film has a high average transmittance above 85%. 

 

 

Fig. 2. Transmission spectrum as a function of the 

wavelength.  The inset shows the variation of  (αhν)2 as a  
             function of the incident photon energy (hν) 

 

From Fig. 2, the bandgap of the film can be calculated 

from fundamental absorption spectrum of the film. The 

absorption coefficient α is calculated using the 

transmission spectrum and the equation  𝛼 = (𝑙𝑛
1

𝑇
)/𝑑, 

where T is the transmittance and d is the thickness of the 

film. The absorption coefficient, as shown in the inset of 

Fig. 2, has been expressed by M. Caglar et al. [18]   

 

  (𝛼ℎ𝜈) 2 = 𝐴(ℎ𝜈 − 𝐸𝑔 )                 (1) 

Where A is a function of the refractive index and hole 

(electron) effective mass, Eg is the energy gap, h is the 

Plank’s constant and ν is the frequency of the incident 

radiation. From this expression, one can deduce the energy 

gap that is 3.15eV. Similar results have been obtained for 

ZnO films deposited by sol-gel technique [19-20].  

Fig. 3 shows the variation of the electric conductivity 

and the Seebeck coefficient versus the inverse 

temperature. At low temperatures T  255 K (Region I), 

the conductivity increases linearly with temperature. At 

the same time, the Seebeck coefficient decreases linearly 

while remaining negative. 

For temperatures between 255 K and 275 K (Region 

II), the conductivity curve shows a brisk change with 

temperature and correspondingly a change in the slope in 

the Seebeck coefficient. At intermediate temperatures 

between 275 K and 305 K (Region III), a thermally 

activated regime has been observed. For 305 < T < 360 K 
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(Region IV), a sudden drop of the conductivity has been 

observed. 

For T > 360 K, above region IV, the conductivity 

changes its behavior while continuing decrease. 

 

 

 

Fig. 3. Variation of the Ln of the electric conductivity (a) 

and the Seebeck coefficient (b) as a function of inverse 

temperature. The Thickness of the samples is 20 nm in  

                             both measurements 
           

                        

Now in order to explain the behavior of the 

conductivity and the Seebeck coefficient shown in Fig. 3, 

one should choose an appropriate model that is able to 

describe the conduction mechanisms in the amorphous 

semiconductors. In contrast to their crystalline 

counterparts, amorphous semiconductors feature 

pronounce disorder instead of a periodic potential. 

Therefore, the situation in amorphous semiconductors 

involves new concepts such as “band tails” and “mobility 

edges”. Different models have been proposed in order to 

describe the conduction mechanisms in amorphous 

semiconductors [21]. The standard transport model is 

considered the basic one and it is based on the following 

assumptions: 1) The one-particle approximation holds, i.e. 

electron-electron interaction effects can be neglected. 2) 

Charge transport processes at different energies can be 

treated separately, i.e. conduction does not interconnect 

states of different energies. If energy exchange between 

the electronic system and the lattice is allowed (e.g. 

phonon-assisted hopping), this assumption becomes 

questionable. 3) The solid is homogeneous, i.e. the 

potential experienced by the electrons features no long-

ranged but exclusively local fluctuations. According to this 

model, two different conduction mechanisms can be 

considered. At low temperatures, the conduction is due to 

hopping between localized states (hopping transport). At 

higher temperatures, the conduction is dominated by the 

non-localized states (extended state transport). Taking the 

above mentioned two different mechanisms, the electric 

conductivity and the Seebeck coefficient are given by: 

 

𝜎𝑒𝑥𝑡 (ℎ𝑜𝑝) = 𝜎0exp (−
𝐸𝜎

𝑘𝐵 𝑇
)        (2) 

 

𝑆𝑒𝑥𝑡(ℎ𝑜𝑝 ) = ±
𝑘𝐵

𝑒
(

𝐸𝑆

𝑘𝐵 𝑇
+ 𝐴)        (3) 

 

where, the activation energies equal the energetic distance 

between the Fermi level and the mobility edge, the pre-

exponential factor of the conductivity corresponds to the 

minimum metallic conductivity, and A is the heat-of-

transport constant. The sign of the thermopower depends 

on whether the mobility edge above (electrons, “-”) or 

below (holes, “+”) the Fermi level is considered [22-24]. 

In our case, the negative (-) sign has been chosen in Eq. 

(3) since the ZnO film is an n-type semiconductor. The 

subscript (ext) is for extending state and (hop) for hopping 

state. 

As mentioned above, this model has been used to fit 

our experimental data. For temperatures less than 255K 

(Region I), the conduction mechanism is associated with 

the carrier displacement within the localized states. From 

Fig. 2 (a) and (b) one can determine the activation energies 

for the electric conductivity and Seebeck coefficient based 

on Eqs. (2) and (3). The results are filled in Table 1.  

For temperatures between 255K and 275K (Region 

II), the sharp transition might correspond to a transition 

zone of certain localized states close to the conduction 

band. This behavior has not been observed before, up to 

our knowledge, but it could be related to the preparation 

technique. This later has a great influence on the quality of 

the films and the types of defects that are produced.  

In region III (275 < T < 305), a change in the slope is 

observed as shown in Table 1. This behavior might be 

related to conduction of non-localized states.  

 

 
Table 1. This table summarizes the fitting parameters 

 of Eqs. (2) and (3) 

 

 Slopes Intercepts 

Regime Eσ 

(meV) 

ES 

(meV) 

σ0 

(S/cm) 

A 

Low temperature 

(185 – 255 K) 

86 120 0.3 2.7 

High temperature 

(275 - 305 K) 

115 161 2.2 3.6 
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 In region IV (305 < T < 360 K), the sudden drop in 

the conductivity might be due to certain adsorption 

phenomena that depend on the thickness of the film, 

structure (amorphous or polycrystalline), grains’ 

dimensions, density, defects, etc. This behavior has been 

observed in crystalline ZnO thin films [16], but up to our 

knowledge, this is the first time that this behavior is 

observed in amorphous ZnO thin films. It has been 

attributed to a Metal-Semiconductor transition.  

Above region IV (T > 360 K), a change in the slope 

has been observed. This could be due to the fact that we 

are approaching the amorphous-crystalline transition 

temperature. It has been observed that the conductivity in 

ZnO decreases at the transition from amorphous to 

crystalline phase [25] unlike other materials such as phase 

change materials that are used in optical and electrical data 

storage [26].      

 

 

4. Conclusion 
 

In this work, the structural, electrical and optical 

properties of undoped ZnO amorphous thin films using 

Spray Pyrolysis deposition technique have been presented. 

From the structural measurements (XRD), one can observe 

that for a film thickness of 20 nm the material is in the 

amorphous phase. Therefore, the remaining part of this 

work has been done on the film of thickness of 20 nm (in 

the amorphous phase). From the optical measurements, the 

transmission (above 85 %) and the energy gap (3.15 eV) 

have been determined. The electric conductivity and the 

Seebeck effect show a semiconductor-metal transition at 

around 305 K that might be related to the oxygen 

adsorption above room temperature. In addition, three 

regimes have been identified for the conduction 

mechanisms from the variation of both the electric 

conductivity and the Seebeck coefficient as a function of 

temperature. The standard transport model has been used 

in order to interpret the behaviour of the conductivity and 

the Seebeck coefficient. At the end, the doping process 

and implementation of ZnO in certain applications 

especially solar cells are under investigations.  
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