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Abstract: Na-doped ZnO thin films were deposited on the glass substrates using sol-gel 

method. The effect of Na concentrations on the structural and optical properties of ZnO films was 

studied. As Na concentration increases from 0.0 at% to 16.0 at%, preferential c-axis orientation be-

comes more and more obvious, and the intensity of the diffraction peaks from (103) increases. The 

optical band gap Eg value increases from 3.261 to 3.286 eV first and then decreases as Na concentra-

tion increases from 0.0 to 2.0 at% and then beyond 2.0 at%. The intensity of all the emissions in-

creases with increasing Na concentration and the origins of the violet emission (wavelength in the 

400-407 nm) and the blue emission (wavelength at 473 nm) were discussed in detail. 
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1 Introduction 
 

Zinc oxide (ZnO) is a direct wide-band-gap semi-

conductor material (Eg＝3.37 eV at room temperature). 

It has a large exciton binding energy of 60 meV which 

makes the exciton hard to be thermally ionized. There-

fore, ZnO is a very promising material for optoelectronic 

devices, such as ultraviolet light-emitting diodes
[1-3]

, 

laser diodes
[4]

, photodetectors
[5, 6]

, surface acoustic wave 

devices
[7, 8]

. 

It is well known that chemical doping greatly in-

fluences the structural, optical and electrical properties 

of ZnO. Recently, the fabrications of ZnO thin film 

doped with the acceptor elements, such as Li
[9]

, K
[10, 11]

, 

N
[12-14]

, P
[15, 16]

 and As
[17]

, have been reported. Never-

theless, there are relatively less reports of Na-doped 

ZnO films. Theoretically, Group-I species substituting 

for Zn possess shallower acceptor levels
[18]

. However, 

there are some contradictory understandings of doping 

group-I species in ZnO. Lee et al
[19]

 argued that 

Li(Na)-H complexes could be helpful to the availability 

of low resistivity p-ZnO, while Wardle et al
[20]

 sug-

gested that p-type doping would be passivated by the 

formation of Li-H complexes. 

In this paper, ZnO films with different Na concen-

trations were prepared by sol-gel method. The effect of 

Na concentration on properties of Na-doped ZnO films 

has been examined. 
 

2 Experimental 
 

Zinc acetate dehydrate (Zn(CH3COO)2 2H2O) and 

sodium chloride(NaCl) were dissolved in ethylene gly-

col monomethyl ether. Then monoethanolamine(MEA) 

and methanamide were added under stirring. The molar 

ratio of MEA to zinc acetate was 1.0 and the concentra-

tion of zinc acetate was 0.5 mol/L. The molar ratio of 

dopant (sodium chloride) in the solution, [Na/Zn], was 

varied between 0.0 at% and 16 at%. The resultant solu-

tion was stirred at 60 ℃ for 2 h to yield a clear and 

homogeneous solution. The sol-gel coating was made 

usually 1 d after the solution was prepared. Na-doped 

ZnO films were prepared on glass substrate by repeated 

coating. Spin coating was performed at room tempera-

ture, with a rate of 3 000 rpm for 30 s. After depositing, 

the films were preheated in air at 250 ℃ for 10 min. 

The coating process was repeated after cooling down to 

room temperature in order to increase the thickness of the 

coatings. After repeating the coating procedure 15 times 

for the final film thickness of approximately 497 nm, the 

films were finally postheated at 550 ℃ for 1 h in air. 
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The composition of the film was obtained by means 

of X-ray photoelectron spectroscopy (XPS, Thermo-VG 

Scientific ESCALAB250). The crystalline structures of 

the films were analyzed by X-ray diffractometer (XRD, 

MACM18XHF) using CuKα radiation at 40 kV and 

100 mA. The cross-sectional microstructure of the film 

was studied by a scanning electron microscope (SEM, 

JSM-6700F). Optical properties of the films were exam-

ined with the normal incident transmittance by a UV-Vis 

spectrophotometer (UV-2550, SHIMADZU). Photolu-

minescence (PL) spectra were investigated at room tem-

perature by fluorescence spectrometer (F-4500FL) with a 

xenon lamp as light source excited at 325 nm. 
 

3 Results and Discussion 
 

3.1 XPS spectrum 

Typical XPS survey spectrum of the Na-doped 

ZnO film with 4 at% Na concentration is shown in Fig.1. 

In survey spectrum, zinc, carbon, oxygen and sodium 

peaks are observed. Fig.2 shows the high resolution 

Na1s XPS spectrum of 4 at% Na-doped ZnO film. The 

position of the peak appears at the binding energy of   

1 072.02 eV. That is the peak position of the binding 

energy of Na
＋

 oxide, which indicates that Na element 

doped as Na
＋

 in the Na-doped ZnO film. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

3.2 Crystal structure 

Fig.3 gives the XRD patterns of undoped ZnO film 

and Na-doped ZnO films annealed at 550 ℃. It can be 

seen from the figures that there are not any other phases 

in Na-doped ZnO films compared with undoped ZnO 

film. All the films exhibit polycrystalline hexagonal 

wurtzite structure. No peaks corresponding to either Na 

metal or any of its oxides are observed in the patterns, 

which indicate that there is no additional phase present 

in the Na-doped films. In addition, the undoped ZnO 

thin film cannot form preferential c-axis ((002) crystal 

plane) orientation. With Na concentration increasing, 

preferential c-axis orientation becomes more and more 

obvious, and the intensity of the diffraction peaks from 

(103) increases. It can be seen from the figure that the 

intensity of the diffraction peaks from (103) is much 

weaker than that from (002) with 8 at% Na-doped ZnO 

film. However, the intensity from (103) is similar to that 

from (002) as Na concentration raises to 16 at%. The 

relative intensity of the diffraction peaks changes be-

cause of the surface energy difference of the ZnO crystal 

structure, and (002) crystal plane has the lowest surface 

energy, which suggests that the Na concentration affects 

the surface energy[21]
. However, the transition mecha-

nism is not yet well understood. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

For analyzing the grain size, Scherrer formula was 

used as the following: 

D＝kλ/βcosθ 

where D is the grain size, λ is the X-ray wavelength, 

β is the peak width at half height of the diffraction 

peaks, and θ is the diffraction angle. The grain size 

calculated using Scherrer formula from ZnO (002) peaks 

has been shown in Table 1. As Na concentration in-

creases, the grain size increases monotonously. 

Cross-sectional SEM image of 4.0 at% Na-doped ZnO 

thin film is displayed in Fig.4. The thickness of the film 

is approximately 497 nm. 

Fig.1 XPS spectrum of 4 at% Na-doped ZnO thin film 

Fig.2 XPS spectrum of Na1s of Na-doped ZnO film 

Fig.3 XRD patterns of undoped ZnO film and

Na-doped ZnO films annealed at 550 ℃ 
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3.3 Optical characteristics 

Fig.5 shows the transmission spectra of Na-doped 

ZnO films annealed at 550 ℃ in air for 1 h. The spectra 

of the films show ripples, which is the characteristic of 

the interference of light. All films have an average opti-

cal transparency over 85% in the visible range. It can be 

seen from the inset of Fig.5 that the UV absorption edge 

is blue shifted at first and then red shifted with increas-

ing Na concentration, which is correlated to the change 

of the optical band gap value. The optical band gap Eg 

can be determined from the absorption coefficient α, 

which can be calculated from the transmittance spectra 

of Na-doped ZnO films. Near the absorption edge, α 

can be expressed as
[22]

 
 
 

where d is the film thickness and T is the transmittance. 

ZnO is a wide band gap semiconductor material with 

direct band gap. The optical band gap g
E  is given by 

Ref.[22] 

(αhv)
2
＝A(hv－Eg) 

where A is a constant and hv is photo energy. The func-

tional relationship between (αhv)
2
 and photon energy 

hv for Na-doped ZnO films with different Na concentra-

tions is shown in Fig.6. The Eg value can be obtained by 

extrapolating the linear portion to the photon energy axis. 

The band gap values determined from Fig.6 are listed in 

Table 2. It can be shown that the Eg value increase at 

first and then decreases as Na concentration increases 

from 0.0 at% to 2.0 at% and then beyond 2.0 at%. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 
 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

The increasing of the band gap value can be ex-

plained by means of Moss-Burstein effect. According to 

the Burstein-Moss theory, in heavily doped zinc oxide 

films, the donor electrons occupy states at the bottom of 

the conduction band. Since the Pauli principle prevents 

states from being doubly occupied and optical transi-

tions are vertical, the valence electrons require extra 

energy to be excited to higher energy states in the con-

duction band, which leads to the broadening of optical 

band gap
[23]

. The increasing of band gap value by Na 

concentration suggest an increase in the donor electrons 

concentration, which indicate that most of the Na ions 

must be incorporated as interstitial donors into the 

structure rather than substitutional acceptors. The red 

shift of the optical band gap for doped ZnO films may 

be associated with the hybridization between the orbital 

Fig.5 Optical transmittance spectra of ZnO

films with different Na concentrations 

Fig.6 The (αhv)2 vs photon energy plot of the ZnO films 

Fig.4 Cross-sectional SEM image of 4 at% Na-doped ZnO thin film

Table 1 The grain size of the Na-doped ZnO films from 

ZnO (002) diffraction peak 

Na concentration/at% Grain size/nm 

0.0 6.2 

1.0 6.4 

2.0 7.1 

4.0 8.2 

8.0 12.4 

16.0 16.6 

1 1
ln( )

d T
α =

Table 2 Optical bandgap of ZnO films with different Na 

concentrations 

Na concentration/at% Optical bandgap/eV 

0.0 3.261 

1.0 3.273 

2.0 3.286 

4.0 3.282 

8.0 3.279 

16.0 3.272 
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of Al dopant and of ZnO matrix
[24]

, the doping concen-

tration
[25]

 and the defects of films
[22, 26]

. The red shift of 

the optical band gap of ZnO film can be explainend as 

follows: With the Na concentration increases from 2 at% 

to 16 at%, there are more chance for the Na atoms to 

occupy substitutional sites and to generate Na acceptor. 

Substitutional incorporation of Na atoms neutralizes the 

donor electrons in ZnO. 

The PL spectra of undoped and Na-doped ZnO thin 

films are given in Fig.7. It can be seen that there are a 

violet light (wavelength in the 400-407 nm) and two 

deep-level emissions in visible regions (wavelength near 

the 454 and 473 nm) for all films and the intensity of the 

emission peak increases with the increasing of Na con-

centration. It is believed that the intensity of the emission 

peak may be connected with (002) preferred orientation. 

There are five main intrinsic defects in ZnO films, such 

as zinc vacancy, oxygen vacancy, interstitial zinc, inter-

stitial oxygen, and anti-site oxygen
[27]

. 

 

 

 

 

 

 

 

 

 

 

 

 

 

The violet emission may be originated from the 

electron transition from the bottom of the conduction 

band to the Zn vacancy (VZn) level
[28]

. Fig.7 shows the 

change of the violet emission peak. The peak of violet 

emission of ZnO films shifts from 407 nm to 400 nm 

with increasing Na concentration ranging from 0 at% to 

2.0 at%, then has a redshift at higher Na concentration, 

which were attributed to Burstein-Moss effect that the 

energy of conduction band electron increase first and 

then decrease with increasing the Na concentration. The 

results are in agreement with the observation from the 

optical transmittance measurement. The 473 nm blue 

emission may be originated from the electron transition 

from the shallow donor level of zinc interstitials to that of 

Zn vacancy
[28]

. The intensity of the 473 nm blue emission 

increases with increasing Na concentration, indicating 

more zinc interstitials or zinc vacancy was produced with 

increasing Na concentration. 

 

4 conclusions 

 

The component, structural and optical properties of 

ZnO films were investigated by means of X-ray photo-

electron spectroscopy, X-ray diffractometer, UV-Vis 

spectrophotometer and fluorescence spectrometer. XPS 

results reveal that Na element doped as Na
＋

 in the 

Na-doped ZnO film. XRD analysis show that preferen-

tial c-axis orientation becomes more and more obvious, 

and the intensity of the diffraction peaks from (103) in-

creases with the enhancement of Na concentration. The 

transmittance spectra indicate that as increasing the Na 

concentration below 2.0 at%, the optical band gap of the 

ZnO film blueshifts while redshifts when the Na con-

centration exceeds 2.0 at%. The PL spectra show that 

there is a violet emission (wavelength in the 400-407 nm), 

and the peak of violet emission shifts from 407 nm to 400 

nm with increasing Na concentration ranging from 0 at% 

to 2.0 at% then has a redshift at higher Na concentration. 

This phenomenon can be explained by Burstein-Moss 

effect. 
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