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Abstract: Un-doped ZnO and Na-doped ZnO (NZO) thin films with various Na doping 

concentrations were successfully fabricated on glass substrates by a sol-gel process. The effect of 

Na ions at concentrations of 0, 1, 2, 3, 4, and 5% on the crystalline structure, surface morphology, 

and optoelectronic properties of ZnO films was studied using appropriate measurement techniques. 

XRD analysis revealed a polycrystalline hexagonal wurtzite structure in the NZO films. The NZO 

films' average crystal size ranged from 17.7 nm to 19.6 nm. SEM micrographs showed that wrinkle 

network appeared in the pure and doped ZnO films due to solvent evaporation during the thermal 

annealing process. UV-Vis spectroscopy pointed out that the average transmittance of NZO films is 

as large as ca. 78%. The optical bandgap of the films varied slightly between 3.235 eV for the pure 

ZnO and 3.246 eV for the Na 5% doped NZO film. When Na ions were doped into the NZO films, 

the electrical conductivity improved. Moreover, the absorption figure of merit exhibited the largest 

value of 0.981 Ω-1cm-1 for the fabricated NZO films, which enables the use of these films for solar 

cells and for other optoelectronic applications. 

Keywords: Na-doped ZnO, wrinkle network, absorption figure of merit. * 

1. Introduction 

The research and development of applications using n-type materials such as ZnO, In2O3, ITO have 

always attracted attention over the years because of their transparent properties, higher charge transfer 

efficiency and smaller effective mass for electrons. However, the shortage of p-type semiconductors has 

made the development of electrical and photovoltaic devices challenging. As a result, finding high-
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performance p-type transparent conductive oxide (TCO) materials will be a major step forward in the 

development of complex applications. 

For semiconductor technology, the search for new pure p-type materials is extensive challenging, so 

the development of doped semiconductor materials will be an alternative to meet the development of 

photovoltaic applications. ZnO is one of the potential transparent semiconductor materials in 

photovoltaic applications because ZnO has a direct wide bandgap of 3.37 eV and a large exciton binding 

energy of 60 meV at room temperature [1, 2]. ZnO has n-type conductivity due to native defects such 

as Zn interstitial (Zni) and O-vacancy, as well as unintentionally incorporated hydrogen during crystal 

growth [3]. Furthermore, because ZnO has a flexible host lattice that can accept a wide range of dopant 

substitutions, the formation of a p-type film of ZnO will result in a multitude of intriguing and ostensibly 

controllable properties. 

Fan et al., [4] showed that achieving p-type ZnO doping is quite difficult due mainly to the self-

compensating effect from native defects. Many attempts have been concentrated to generate p-type ZnO 

using group V elements (N [5], P [6], As [7] and Sb [8]) substituting for O position to the IA group (Li 

[9], Na [10], K [11]) for Zn position. Theoretically, Lee and Chang [12] demonstrated that group I 

elements as p-type dopants in ZnO are much better than group V elements. Furthermore, doping is in 

the cationic position in ZnO semiconductors generally produce a shallower acceptor level than dopants 

at the anionic site, so the group I elements are likely to act as an acceptor in p-type ZnO [13]. Among 

group I elements, Na exhibits high stability of acceptors because the bounding energy of Na – O (256 

kJ/mol) is much larger than that of Zn – O (159 kJ/mol). Moreover, the formation energy of substituted 

Na (NaZn) is much smaller than that of Nai under O-rich conditions, as studied by Lee and Chang [12]. 

Park et al., [13] showed that Na can induce shallower acceptor states of 170 meV, making them ideal 

doping agents for p-type ZnO. In addition, since Na has an electronic shell structure and size that is 

different from that of Zn, Na element is considered as a good candidate to change the structure, optical, 

physical and chemical properties of the doped ZnO.  

Na-doped ZnO films (NZO) have been fabricated by various methods to explore the effects of Na 

ions on the properties of ZnO structures. Lin et al., [14] fabricated the NZO films by pulsed laser 

deposition method to combine with the Al-doped ZnO n-type film for light-emitting diodes application. 

They indicated that the acceptor level of Na is around 164 meV by temperature-dependent 

photoluminescence and low-temperature photoluminescence excitation spectra. Ding et al., [15] 

reported that Na-doped ZnO films synthesized by plasma-assisted molecular beam epitaxi is a  

p-type film with a hole concentration of 1.81 × 1015 cm−3, Hall mobility of 0.402 cm2 V−1s−1, and 

resistivity of 8,575 Ωcm, respectively. The sol-gel method is also used to synthesize Na-doped ZnO 

films according to the study of Wang et al., [16]. Na-doped ZnO thin films with doping contents of  

3.0 - 30 at.% exhibited a hexagonal polycrystalline structure. The optical band gap initially increased 

and then decreased nearly linearly with the increase of Na content. Cuadra et al., [17] studied the 

influence of Na and K on the electrical properties of ZnO prepared by spray pyrolysis deposition onto a 

soda-lime glass substrates. The doped film exhibited a single hexagonal phase of the wurtzite structure. 

The optical energy band gap of doped ZnO films increased from 3.27 to 3.29 eV by doping with Na and 

K, respectively. The electrical resistivity of the undoped ZnO could be decreased from 1.03 × 10−1 

pW.cm to 5.64 × 10−2 W.cm (K-doped) and 3.18 × 10−2 (Na-doped), respectively. Among these 

techniques, the sol-gel method has several significant advantages, including lower equipment costs, ease 

of composition control at the molecular level through the use of different precursors as dopant sources, 

and the ability to use different substrates. 
However, to our knowledge, no study on Na-doped ZnO films have been conducted that have 

calculated the relationship between optical and electrical properties. Because a combination of the 

electrical and optical properties of the film is proven to effectively evaluate transparent conductive thin 
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films for photovoltaic devices when compared to solar spectrum. Thus, in this work, NZO films with 

Na doping contents ranging from 0 to 5% was evaluated for photoelectric property relationships using 

the absorption figure of merit (a-FOM) value. Furthermore, the effect of Na on ZnO nanostructures will 

be investigated for structure-morphological-electro-optical correlations to achieve high-quality NZO 

thin films. 

2. Experimental Procedures 

A 0.5 M homogeneous precursor solution was prepared by zinc acetate dihydrate, 

Zn(CH3COOH)2.2H2O and sodium acetate trihydrate, NaCH3COOH.3H2O as a source of dopant with 

doping ratios of 1, 2, 3, 4, and 5%. The precursor was dissolved in an absolute ethanol solvent and 

monoethanolamine MEA as a stabilizing agent with the molar ratio of Zn2+ and MEA at 1 : 2. Then, the 

mixture was stirred at 75 °C for 90 min to allow the hydrolysis reaction to take place completely and 

get a clear and transparent sol. Prior to depositing, the glass substrates were cleaned with ethanol, 

acetone and DI water for 5 min in an ultrasonic bath to remove organic contamination. Next, these 

substrates were treated in HF 1% solution for 30 s to improve hydrophilic ability of the sample surface 

and then rinsed with DI water. After that, Na-doped ZnO thin films were deposited on the cleaned 

substrates by spin-coating technique with 1,500 rpm for 40 s. The samples were dried at 90 °C for 3 min 

each layer to evaporate the solvent and remove organic residuals. Finally, the samples were annealed at 

550 °C for 30 min in ambient conditions to obtain crystalline films. The crystal structures of Na-doped 

ZnO thin films were analyzed by X-ray diffraction (XRD, Bruker) and the scanning range of 2θ was 

between 10° and 70°. The surface morphology of the as-grown ZnO was observed using Scanning 

Electron Microscopy (SEM, JEOL JSM-IT100). UV-Vis spectroscopy (Shimadzu UV-2450) was used 

to analyze the optical transmittance of films in the range of 350-800 nm, meanwhile, the film’s electrical 

property was evaluated using a four-point probe measurement (Jandel Model RM3000).   

3. Results and Discussion 

3.1. XRD analysis 

Fig. 1 shows XRD patterns of Na-doped ZnO thin films deposited on the glass substrates with 

different Na concentrations. All samples exhibited distinct peaks corresponding to the (100), (002), 

(101), (102), (110), (103), (112) planes (JCPDS 36-1451). It shows that NZO films exhibited 

polycrystalline hexagonal wurtzite. In Fig. 1, no peak of the Na element or its oxides was observed in 

the XRD pattern at different doping levels, this indicates that these samples were single phase and Na+ 

might effectively substitutes into Zn2+ sites in the ZnO lattice, without affecting the crystal structure of 

ZnO. When the doping concentrations were 2% and 3%, the peak intensity (101) of the film was the 

highest and was stronger than that of (002) and (100), indicating that the film had better crystalline 

quality and [101] orientation was the priority direction for film growth. Kim et al., [18] reported that the 

improved crystallization quality was due to the presence of Na intercalations near oxygen vacancies, 

which prevented lattice distortion. Besides, the intensity of the peak (101) gradually decreased as the 

Na concentration increased. This is because the number of nuclei of ZnO increased as the amount of Na 

doping increased, resulting in a smaller grain size [19]. Na ions improved the crystallization quality of 

ZnO films at doping concentrations of 2% and 3%. Furthermore, the results show that the fabrication of 

Na-doped ZnO films by sol-gel and spin-coating processes tends to result in the growth along (101) 

direction, while recent reports [16, 20] showed that (002) was the preferred orientation when adding Na 
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ions. According to the research of Shen et al., [21], doping NaZn can increase crystal growth in the c-axis 

direction and Nai can block this growth, so the NaZn/Nai ratio in the NZO thin films may be related to 

the shift of growth in the preferred direction. This result shows that the growth in the c-axis direction 

was inhibited and the crystal grain tended to grow along with other directions.  

 

Figure 1. XRD patterns of ZnO thin films with Na doping concentrations varying from 0 to 5%. 

Table 1 summarizes FWHM, crystal size D, lattice constant a, c, stress and dislocation density (δ) 

of (101) peak for all NZO samples.  

Average crystal size was calculated by the Scherrer formula [22]: 

𝐷 =
0.9𝜆

𝛽𝑐𝑜𝑠𝜃
 

(1) 

where D, λ, β and θ are the average crystal size, the X-ray wavelength (λ = 1.5406 Å), FWHM and Bragg 

diffraction angle, respectively. As listed in Table 1, the average crystal size of (101) orientation for pure 

ZnO was 18.4 nm and increased to 19.0 nm for 1% Na doping. Because of the difference in charge and 

ionic radius between Zn and Na ions, Na ions can occupy both lattice and interstitial positions, increasing 

in crystal size [23]. The increasing number of nuclei at higher doping concentration may inhibit crystal 

development, for particular, the size reduces to 17.7 nm when Na concentration is 5%. This trend was 

also observed in some other studies on Na-doped ZnO and K-doped ZnO [19, 24]. 

The lattice constants a, c were calculated using the following formula [25]: 

1

𝑑ℎ𝑘𝑙
2 =

4

3
[
ℎ2 + ℎ𝑘 + 𝑘2

𝑎2
] +  

𝑙2

𝑐2
  (2) 

where a and c are the lattice constants and dhkl is the crystalline plane distance for indices (hkl). The 

results from Eq. 2 show that the lattice constants a and c of all the samples show little variation, a = 3.24 Å 

and c = 5.19 Å. In addition, the lattice constant a and c are well-matched with data from the standard 

pattern (JCPDS 36-1451). This proves that a small amount of Na ions did not affect the crystal structure 

parameters of Na-doped ZnO. 
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The lattice strain (ε) and dislocation density (δ) of the Na-doped ZnO thin films were estimated by 

using the following equations [26]: 

𝜀 =
𝛽

4 tan 𝜃
 (3) 

𝛿 =
1

𝐷2
 (4) 

The dislocation density can be defined as the length of the deflection lines per unit crystal volume. 

The dislocation density of the NZO thin film changed as the Na doping concentration increased from 0 

to 5%, whereas the lattice strain (ε) did not change significantly in different samples. It means that there 

was additional new stress in the ZnO background lattice due to the differences in ionic radii of Zn2+ 

(0.74 Å) and Na+ (0.95 Å).  

Table 1. The FWHM, crystalline size (D), lattice parameters (a, c), strain (ε), dislocation density (δ) values 

calculated for (hkl) = (101) and 2θ = 36.34°. 

Na Doping levels 

(%) 
FWHM (°) D (nm) a (Å) c (Å) ε δ (10-3 nm) 

0 0.449 18.38 3.24 5.19 5.25 1.75 

1 0.439 19.04 3.24 5.19 5.25 1.67 

2 0.437 19.59 3.24 5.19 5.25 1.67 

3 0.469 18.28 3.24 5.19 5.25 1.93 

4 0.451 19.20 3.24 5.19 5.25 1.78 

5 0.477 17.69 3.24 5.19 5.25 1.99 

3.2. Morphological Property 

The surface morphology of pure ZnO and NZO thin films was shown in Fig. 2. The un-doped ZnO 

films has a wrinkle network or ripple structure with skeletal branches, which is considered to be the 

characteristic structure of ZnO films when other studies also show the same structure [27, 28]. The 

wrinkled structure was formed by stress relaxation, i.e. the solvent in the film evaporated during drying 

and induced compressive stress between the film and the substrate, as reported by Kwon et al., [29]. The 

formation of the wrinkling feature mechanism of sol-gel-derived thin films is different from structurally 

similar films fabricated by other methods. They demonstrated that the skeleton branches have a 

satisfying thickness-dependent, λ ~ tm
3/4 and that the number of skeletal branches depends on the 

annealing time due to the change in volume strain of the gel film. In addition to the effect of evaporation, 

the wrinkle formation can be affected by the concentration of Zn2+ in the precursor solution [30, 31], 

and the loss of the hydroxyl/alkoxy group during heating cause conductive stress [32]. In Fig. 2, the 

pure ZnO film shows a wrinkled network consisting of nanoparticles bound together forming a ZnO 

porous surface. This is perhaps because the large grain size changes the grain boundaries and leads to 

the appearance of large defects. When adding Na ions, the wrinkle structure remains the same and the 

nanoparticles become smaller and more tightly arranged. In the studies, this phenomenon has not been 

observed when doping Na into the ZnO structure. This indicates that Na ions not only do not change the 

original structure of ZnO but also help the ZnO film to have a more uniform, denser surface.  

The roughness of the ZnO film and the 3% Na-doped film were analyzed by ImageJ software, as 

shown in Fig. 3. From the data analysis, the film roughness was of 74.60, 70.73, 58.62, 56.74, 56.64 and 
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60.31 nm with the increase of the Na concentration. It can be seen that the un-doped ZnO film has the 

highest roughness value compared to the other samples. The roughness of these films formed relatively 

deep grooves between the veins. With this special structure, the transparent ZnO-based film has better 

light absorption than other transparent thin films. This leads to a longer path of photons and longer 

storage in the film and subsequent development into materials in photovoltaic devices. Sekine et al., 

[33] reported that solar cells with nano-ridge ZnO films improved by about 25% compared with similar 

devices made with flat ZnO films. In addition, Choi et al., [34] tested the Organic Tandem Solar Cells 

device and showed that using ZnO's nano-ripple patterned device also improves the power conversion 

efficiency by about 30% compared to the unpatterned device. 

 

Figure 2. SEM micrographs of pure ZnO and Na-doped ZnO films. 

 

Figure 3. The roughness images of pure ZnO and 3% Ni-doped ZnO films. 
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3.3. Optical Property 

The transmittance and absorbance spectra of NZO thin films with various doping concentrations 

were analyzed at the wavelength from 350 to 800 nm, as seen in Fig. 4a. The undoped ZnO has an 

average transmittance value of about 70%, while the doped samples have an average transmittance of 

about 78, 75, 60, 18, 25% for Na concentrations of 1, 2, 3, 4, 5 %, respectively. This result shows that 

Na significantly changed the transmittance of the film, making the film better absorbed at high Na 

concentrations. The transmittance of the film depends on many factors such as surface, particle size and 

film thickness. The change in transmittance of the NZO film may be attributed to the wrinkle structure 

of the film and the tight arrangement of the nanoparticles as observed in the SEM image as shown in 

Fig. 2. The wrinkle formation has a strong impact on optical phenomena such as transmittance and 

absorbance of materials. From the SEM image results and the transmittance in Fig. 4a, it is clear to see 

that the doping concentration play an important role in the formation progress and this factor can be 

controlled to obtain desired wrinkle height, which seems suitable to solar cells. 

The optical bandgap energy can be determined by using the following equation:  

(𝛼ℎ𝜈)2 = 𝑘(ℎ𝜈 − 𝐸𝑔) (5) 

where α is the absorption coefficient, h is Planck's constant, ν is the photon frequency and Eg is the 

optical bandgap energy [35]. So, the bandgap can be estimated by the extrapolation of the linear part of 

the (αhν)2 versus photon energy (hν) plot as shown in Fig. 4b.  

 

Figure 4. Transmittance (a) and the bandgap energy (b) of Na-doped ZnO thin films. 

The optical bandgap energy, Eg, is 3.235 eV for pure ZnO, and it is 3.230, 3.234, 3.238, 3.238 and 

3.246 eV for the films changed with 1, 2, 3, 4 and 5% doping, respectively. The Eg value of ZnO in our 

work agrees well with the value of 3.26 eV of Al-doped ZnO film fabricated by sol-gel method [36]. 

According to Chelouche et al., [37], the bandgap energy value decreased could be due to an increase in 

crystal size. Wu et al., [38] also reported that the bandgap reduction in Na-doped ZnO nanocrystal thin 

films deposited by sol-gel spin coating technique is due to the generation of a p-type conductive film. 

The increase in bandgap at concentrations above 2% Na doping can be attributed to a reduction in crystal 

size, which results in a quantum size effect. Furthermore, the increasing Na concentration increases the 

Nai donor defects, which can result in impurity levels near the minimum conduction band (CBM), and 

these Nai defects compensate for the acceptors NaZn, resulting in increased electron concentration [37]. 
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3.4. Electrical Property 

Table 2. The bandgap energy and the sheet resistance of NZO films with various Na doping concentrations 

Na doping contents (%) 0 1 2 3 4 5 

RS (MΩ) 71.09 55.36 59.77 43.93 49.15 61.31 

Eg (eV) 3.235 3.230 3.234 3.238 3.238 3.246 

 

The sheet resistance (RS) of the Na-doped ZnO thin films was determined at room temperature using 

a four-point probe measurement system, as shown in Table 2. The results show that the electrical 

properties of ZnO films are affected by the amount of Na doping. The Na ions improved the conductivity 

of the ZnO film. When 3% Na doping was added to the ZnO film, the resistance decreased significantly, 

with the lowest resistance being 43.93 MΩ/sq. The decrease in resistance can be attributed to an increase 

in particle density, which makes the surface denser and allows charges to move more easily, as seen in 

the SEM micrographs. When the Na content is low, the Na atom substitutes to Vzn and the NaZn acceptor 

forms in the ZnO structure, thus this leads to a decrease in the resistance of the NZO film [39]. According 

to Zheng et al., [40], increasing the concentration of Na doped degrades the crystal quality, leading to 

an increase in electrical resistance. 

3.5. Absorption Figure of Merit (a-FOM) Analysis 

Optical and electrical properties are two critical requirements for evaluating transparent ZnO films. 

Good absorption and high conductivity are required for photonic devices and solar cell applications. 

Because the Na-doped ZnO film has a rough surface and good absorbance at high concentrations, the 

data are calculated based on the extent of absorption. The a-FOM value is used as a criterion for the 

performance of transparent conducting film (TCO) film characteristics to evaluate the quality of NZO 

thin films, and it is calculated using the equation [41]: 

𝑎 − 𝐹𝑂𝑀 =  (𝜌𝑑𝛼)−1 =  (𝜌𝑑
1

𝐿𝛼
)

−1

=  
𝐿𝛼

𝜌𝑑
 (6) 

where ρ is the resistivity, α is the absorption coefficient, d is the thickness of the film and 𝐿𝛼 the 

absorption length that is expressed by the following equation [42, 43]: 

1

𝐿𝛼
 = 

∫ 𝛼(𝐸)𝑢𝑝ℎ(𝐸)𝑑𝐸
∝

𝐸𝑔

∫ 𝑢𝑝ℎ(𝐸)𝑑𝐸
∝

𝐸𝑔

 (7) 

where α(E) is the absorption coefficient as a function of the photon energy and 𝑢𝑝ℎ is photon flux. The 

evaluation of the absorbance of the films against the solar spectrum via the absorption length aids in 

determining the films' absorption efficiency. The absorption length, which is inversely proportional to 

the absorption coefficient, describes how much light can enter a semiconductor material before it is 

completely absorbed. For increasing Na doping concentration, the value of NZO decreased, from 54.1 

nm for undoped films to 54.3, 41.1, 25.1, 34.5 and 29.5 nm for 1 to 5% doped films. This also 

demonstrated that Na ions increased ZnO film light absorption. The transparent NZO film can stronger 

absorb light than the flat ZnO film thanks to its special ridge structure. Fig. 5 depicts the change in a-

FOM with dopant Na concentration, with the a-FOM value increasing as the doping Na concentration 

increases. It reaches a largest value of 0.981 Ω-1cm-1 for 1% Na-doped films and thereafter decreases. 
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The a-FOM for NZO films indicates that they can be used as transparent contacts in a variety of 

optoelectronic devices. 

 

Figure 5. Absorption figure of merit for un-doped and doped ZnO films with various Na doping levels. 

4. Conclusion 

In this work, NZO thin films were synthesized by sol-gel and spin-coating techniques. According to 

the XRD results, the NZO thin film exhibited a polycrystalline wurtzite hexagonal structure with a 

preferential orientation of (110). The crystal size of the film decreased with the increasing concentration 

of Na doping. The surface of the NZO films retained the wrinkled structure of the pure ZnO film, 

indicating that Na did not change the surface structure of ZnO. The wrinkle structure improved the film's 

ability to absorb light. The transmittance of the films changed markedly when doping with Na, 

specifically, the transmittance of un-doped film was 78%, and decreased to 25% at 5% Na dopant. In 

addition, the Na/Zn ratio affected the optical band energy, i.e., it ranged between 3.235 and 3.246 eV, 

while the resistivity was lowest at 3% Na doping. Hence, the a-FOM value tends to decrease with 

increasing Na concentration. 
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