
 

JEF/Journal of Education Faculties 

Volume 19, Issue (2), 2025 

 

 عدن جامعة  -كليات التربية مجلة    

 م  2025  ،( 2) العدد ،19المجلد     

 

 
 

Study of the Effect of Annealing Temperature on the Structural and….                                                         Ali & Ahmed    

921 

Study of the Effect of Annealing Temperature on the Structural and Optical 

Properties of ZnO Thin Films Prepared by Sol-Gel Method via Spin Coating 

                Abdullah Omar Ali ¹             Mohsen Hussein Ahmed ²,* 

Physics Department, Faculty of Science, 

University of Aden. 

 

Physics Department, Faculty of Education, Saber,  
University of Laje 

* Corresponding author. E-mail: mohssnhossean@gmail.com  
 

DOI: https://doi.org/10.47372/jef.(2025)19.2.186 
 

 

 

1. Introduction: Zinc oxide (ZnO) is a wide-bandgap semiconductor with a direct bandgap of approximately 

3.37 eV at room temperature and a large exciton binding energy (60 meV) [1, 2]. Its properties make it suitable 

for a wide range of applications, including light-emitting diodes (LEDs), field-effect transistors, photovoltaic 

devices, room-temperature UV lasers, piezoelectric nanogenerators, and gas sensors [3]. ZnO nanoparticles, 

with their high specific surface area, exhibit defect states that significantly influence their optical and electrical 

properties [4]. While advanced vapor deposition techniques such as molecular beam epitaxy (MBE) [5], 

chemical vapor deposition (CVD) [6], metal-organic chemical vapor deposition (MOCVD) [7], and RF 

sputtering [8] have been used to grow ZnO films, these methods often suffer from drawbacks such as high cost, 

limited flexibility, and complex processing requirements. Solution-based deposition techniques, such as sol-gel 

[9] and spin-coating [10], offer attractive alternatives due to their simplicity, low cost, and ease of use. 

Furthermore, the influence of annealing on the structural and luminescent properties of ZnO thin films has been 

widely reported, resulting in enhanced performance [11]. 

This study systematically investigates the effects of varying annealing temperatures on the structural and optical 

properties of ZnO thin films prepared using the sol-gel spin-coating method. We characterize the crystalline 

structure, grain size, strain, dislocation density, optical transmittance, absorption, reflectivity, refractive index, 

energy gap energy, and Urbach energy as a function of annealing temperature using X-ray diffraction (XRD) 

and UV-Vis-NIR spectrophotometry. This comprehensive analysis aims to determine the optimal annealing 

conditions for producing high-quality ZnO thin films with superior optical and structural characteristics suitable 

for various applications. The results are further analyzed using established models, including the Debye-

Scherrer equation, Williamson-Smallman formula, Swanepoel method, Wemple-DiDomenico model, Draud 

model, to provide a quantitative understanding of the annealing-induced modifications.  

2. Experimental Details 

2.1 Materials and Synthesis: Zinc oxide (ZnO) nanoparticles and thin films were synthesized using high-

purity reagents: zinc chloride (ZnCl₂, 97.0–100.5% purity, Hi-LRTM), sodium hydroxide (NaOH, ≥99.99% 

purity, Merck), acetic acid (CH₃COOH, ≥99.5% purity, Fisher Scientific), ethanol (C₂H₅OH, ≥99.8% purity, 

Sigma-Aldrich), and distilled water. 

 

Abstract: This study investigated the effect of annealing temperatures  (As -prepared, 350°C, 450°C, 550°C, 

and 650°C) on the properties of zinc oxide (ZnO) thin films prepared by sol-gel spin coating on glass 

substrates. X-ray diffraction (XRD) analysis confirmed a hexagonal wurtzite structure with an increase in 

grain size from 15 nm to 22 nm and a decrease in both residual stress and dislocation density with increasing 

annealing temperature. UV-Vis-NIR spectrophotometry measurements showed high transmittance in the 

visible region, a red shift in the transmittance edge, a decrease in film thickness from 333 nm to 280 nm, and 

an increase in refractive index, a decrease in the optical energy gap from 3.31 eV to 3.22 eV with increasing 

annealing temperature. while Urbach energy (EU) exhibited non-linear behavior,  reduced at 550 °C. Wemple-

DiDomenico model fitting supported the improved crystallinity and reduced defects with increasing 

annealing temperature. Finally, the results showed an increase  in free carrier density, increase plasma 

frequency with increasing annealing temperature.   

   Keywords: Zinc oxide thin films - X-ray diffraction- Optical energy gap- Urbach Energy- optical dispersion.  
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2.1.1 ZnO Nanoparticle Synthesis:  0.1 mol of zinc chloride (ZnCl₂) was dissolved in 100 mL of distilled 

water and stirred continuously using a magnetic stirrer. A solution of 0.2 mol of sodium hydroxide (NaOH) in 

50 mL of distilled water was then slowly added to the zinc chloride solution while stirring at 60 °C . The mixture 

was stirred for 60 min to ensure complete precipitation of zinc hydroxide. Separate the zinc hydroxide from the 

solution using a centrifuge at 4000 rpm.  The resulting zinc hydroxide precipitate was washed three times by 

distilled water and and two times by ethanol to remove any residual salts and unreacted precursors. The washed 

precipitate was then dried in an oven at 100 °C for 2 h and subsequently calcined at 300 °C for 1 h to obtain 

ZnO nanoparticles. 

2.1.2 Colloidal Gel Preparation:  4.069 g of the synthesized ZnO nanoparticles were mixed with 10 mL of 

acetic acid in a glass flask and stirred continuously using a magnetic stirrer. 90 mL of ethanol was slowly added 

to the mixture, which was then stirred at 60 °C for 60 min. The resulting solution was incubated at room 

temperature for 24 h to form a stable colloidal gel. 

2.2 ZnO Films Deposition: Glass substrates were cleaned sequentially with distilled water, methanol, and 

acetone to remove any impurities or dust. The colloidal gel was then spin-coated onto the substrates using a  

spin coater at 2000 rpm for 30 s. After each coating, the film was dried on a hot plate at 250 °C for 15 min to 

remove the organic binder and ensure strong adhesion to the substrate. This spin-coating process was repeated 

five times, with drying between each layer. Finally, the resulting ZnO films were annealed at 350 °C , 450 °C , 

550 °C , and 650 °C for 60 min in a furnace to enhance their physical and chemical properties. 

2. 3  Characterization of ZnO Films: The structural and optical characteristics of the ZnO thin films were 

investigated by X-ray diffraction (XRD) and UV-VIS-NIR spectrophotometer. XRD patterns were collected 

using a Bruker AXS D8 diffractometer with Cu Kα radiation (λ = 0.154056 nm) with a diffraction angle (2θ) 

ranging from 10° to 80°. Transmittance, absorption, and reflectivity spectra were obtained using a Jasco V-770 

spectrophotometer over a wavelength range of 200–2500 nm. at a scanning speed of 1000 nm/min. 

3. Results and Discussion:  

3.1 Structural Analysis of ZnO Films: The structural properties of the ZnO thin films were investigated as a 

function of annealing temperature using X-ray diffraction (XRD). Figure (1) displays the XRD patterns of the 

as-prepared and annealed ZnO films at annealing temperatures of 350 °C , 450 °C , 550 °C , and 650 °C 

(annealing time: 60 minutes). The observed diffraction peaks at 2θ values of 31.61°, 34.39°, 36.11°, 47.40°, 

56.52°, 62.72°, 66.29°, 67.91°, and 69.08°. These peaks  correspond to the (100), (002), (101), (102), (110), 

(103), (200), (112), and (201) crystallographic planes of the hexagonal wurtzite structure (space group P63mc, 

JCPDS#36-1451) 12. The absence of additional peaks indicates the successful formation of ZnO crystals 

without significant impurity phases from the organic precursors or oxides. The presence of multiple peaks 

suggests a randomly oriented polycrystalline structure. 

The sharp and well-defined diffraction peaks in Figure (1) indicate good crystallinity in the annealed films. A 

notable increase in the intensity of the (101) peak is observed with increasing annealing temperature, suggesting 

a preferred orientation along this plane during the annealing process. This preferential orientation may be related 

to oxygen vacancies within the ZnO crystal structure 13.  

 

Figure 1 : X-ray diffraction patterns of annealed ZnO films at different temperatures.   

3.1.1 Crystal Size (D), Strain (ε), and Dislocation Density (δ) 

The crystallite size (D) was calculated from the most intense peak in the XRD patterns using the Debye-Scherrer 

equation 13: 
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              𝐷 =
𝐾𝜆

𝛽ℎ𝑘𝑙𝐶𝑂𝑆𝜃
                                                                                                                                         (1) 

where D is the crystallite size (nm), K is the shape factor (typically ~0.9), λ is the X-ray wavelength (0.154056 

nm), θ is the Bragg angle, and 𝛽ℎ𝑘𝑙 is the full width at half maximum (FWHM) of the diffraction peak in radians. 

The dislocation density (δ), representing the number of defects per unit volume, was calculated using the 

Williamson-Smallman formula 16: 

 δ =
1

D2                                                                                                                                                      (2)  

The microstrain (ε) was determined using the following relationship 15: 

              𝜀 = [
𝜆

𝐷 𝐶𝑂𝑆𝜃
− 𝛽]

1

𝑡𝑎𝑛𝜃
                                                                                                                          (3)   

Values  2θ The estimated, the calculated FWHM, and the average crystal size of annealed samples at different 

temperatures are listed in the table (1). The results show an increase in crystallite size from 15 nm to 22 nm 

with increasing annealing temperature, confirming the presence of nanoparticles. The increase in crystallite size 

with annealing temperature is attributed to enhanced oxygen diffusion, promoting crystal growth and 

coalescence 13. The concomitant decrease in dislocation density and microstrain indicates a reduction in 

crystalline defects ( oxygen vacancies), leading to improved crystallinity and higher-quality films at higher 

annealing temperatures17. 

 

Figure 2 : Variation crystallite size D  and microstrain ε of annealed zinc oxide  films at different 

temperatures. 

Table (1) also reveals a slight shift in the Bragg angle of the (101) plane towards lower values in the annealed 

samples compared to the as-prepared sample. This shift is attributed to the development of internal microstress. 

The observed peak broadening in the XRD data is a result of both crystallite size and microstrain. The decrease 

in microstrain with increasing annealing temperature suggests that atoms trapped in non-equilibrium positions 

during the synthesis process relax to more stable equilibrium positions upon annealing 14.  

Table 1 : Crystal size (D), strain (ε), and dislocation density (δ) for ZnO films Annealed at different 

temperatures 

Microstrain, 

ε×10-3 

Dislocation density, 

δ×1015 (m-2) 

Crystallite 

Size, D, (nm) 

β(𝐹𝑊𝐻𝑀) 

degree 
2Ɵ degree 

Annealing 

Temperatures, °C 

3.26 4.356 15.15154 0.551 36.3015 As-Prepared 

2.91 3.454 17.01602 0.491 36.3013 350 °C 

2.63 2.826 18.81162 0.444 36.2010 450 °C 

2.31 2.161 21.51357 0.388 36.1541 550 °C 

2.23 2.023 22.23290 0.375 36.1535 650 °C 

3.2 Optical Properties of ZnO Films: The optical properties of the ZnO thin films were characterized using 

UV-Vis-NIR spectrophotometry in the wavelength range of 300–2500 nm. Figure (3)  illustrates the optical 

transmittance spectra as a function of wavelength for the as-prepared and annealed ZnO thin films at various 

temperatures (350, 450, 550,  and  650°C). All deposited films exhibit high transparency within the visible and 

near-infrared regions, with an average transmittance exceeding 80% [1, 2]. 

A sharp decrease in transmittance is observed at wavelengths approximating 380 nm, corresponding to the 

fundamental absorption edge. This strong absorption is attributed to the direct transition of electrons from the 

valence band to the conduction band (band-to-band transition) [3]. Furthermore, the distinct oscillatory behavior 

(interference fringes) observed in the spectra indicates that the films possess smooth surfaces and good 

structural homogeneity, reflecting low surface scattering losses [4]. 
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Regarding the effect of thermal treatment, a gradual enhancement in transmittance is observed as the annealing 

temperature increases up to 550°C. This improvement is ascribed to the enhancement of crystallinity and grain 

growth, which reduces the density of structural defects and impurities at grain boundaries, thereby minimizing 

light scattering and absorption centers within the film [5, 6]. However, upon further increasing the temperature 

to 650°C, a slight reduction in transmittance is noted. This behavior may be attributed to increased surface 

roughness resulting from excessive grain growth, which enhances surface scattering and consequently lowers 

the overall optical transmission [7]. 

 
Figure 3 : Variation of transmittance spectrum with wavelength of annealed ZnO films at different 

temperature.  

3.2.1  Calculation of thickness and refractive index of the ZnO Films  

The thickness and refractive index of the deposited ZnO thin films were determined using Swanepoel's method 

20, based on Manifacier's envelope method 21. This technique leverages the interference fringes observed in 

the optical transmittance spectra Figure (4) to extract these crucial film parameters. 

Initially, the refractive index of the glass substrate (ns) was calculated from its transmittance (Ts) using Eq. (4): 

             𝑛𝑠 =
1

𝑇𝑆
+ (

1

𝑇𝑆
2 − 1)

1

2
                                                                                                                            (4) 

This equation directly relates the substrate's refractive index to its transmittance, a well-established relationship 

for transparent substrates. 

calculated using Equations (5) and (6): 

             𝑛 =  √[𝑁 +  √𝑁2 − 𝑛𝑠
2]      .                                                                                                            (5) 

Where 

             𝑁 =
2𝑛𝑠(𝑇𝑀−𝑇𝑚)

𝑇𝑀𝑇𝑚
+

𝑛𝑠
2+1

2
                                                                                                                       (6) 

where TM and Tm represent the maximum and minimum transmittance values obtained from the envelopes of 

the transmittance spectrum, respectively. 

The precision of this first calculation of the refractive index is enhanced after evaluating (d). The fundamental 

relation who gives the description of the interference fringes as shown in the following equation: 

             𝑚 =
2𝑛𝑑

𝜆
     .                                                                                                                                            (7) 

This equation relates the order of interference (m), the refractive index (n), the thickness (d), and the wavelength 

(λ) ,  and (m) is an integer for the maximum values (or half an integer for the minimum values).  

The film thickness (d) was obtained using Equation (8): 

             𝑑 =
𝜆1𝜆2

2(𝜆1𝑛2−𝜆2𝑛1)
        .                                                                                                                           (8) 

where λ1 and λ2 are the wavelengths corresponding to adjacent maximum (or minimum) transmittance values, 

and 𝑛1  and 𝑛2 are the respective refractive indices calculated using Equations (5) and (6). (Figure 4) This 

yielded an average thickness of approximately 333 nm for the as-prepared films. As shown in Table (2), 

annealing resulted in a thickness reduction (333 nm to 291 nm), attributed to the removal of residual organic 

matter and a consequent decrease in film porosity 22.   
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Further refinement of the refractive index was achieved by fitting the experimental data to the Cauchy 

relationship (Equation 9): 

             𝑛 =  𝑎 +  
𝑏

𝜆2      .                                                                                                                                    (9)  

This allowed for extrapolation to wavelengths outside the range of experimental data. The constants 'a' and 'b' 

are determined from fitting the experimental data. As shown in Table (2), The resulting refractive index 

variation with wavelength (Figure 5) exhibits normal dispersion behavior, consistent with semiconductor 

materials. Importantly, annealing increased the refractive index, a consequence of improved crystallinity, 

increased crystallite size, reduced porosity,  and increased density 23. This correlation is consistent with the 

Lorentz-Lorenz relationship 22 . 

Finally, film porosity was calculated using the Lorentz-Lorenz equation (Equation 10)22:      

   𝑃𝑜𝑟𝑜𝑠𝑖𝑡𝑦% =
𝜌𝑓

𝜌𝑏
= 1 − [

[(𝑛𝑓
2−1) (𝑛𝑓

2+2)⁄ ]

[(𝑛𝑠
2−1) (𝑛𝑠

2+2)⁄ ]
]      .                                                                               (10) 

where nf is the refractive index of the porous ZnO films and ns is the refractive index of the ZnO skeleton which 

is widely accepted as 2   . 

Figure (6) depicts the variations of the porosity and the refractive index of the ZnO films as a function of 

annealing temperature. There, we found that the porosity of the films gradually decreases with increasing 

annealing temperature: a behaviour which provides a direct evidence for the correlation between the porosity 

and the refractive index of the ZnO  films.  

 
Figure 4  : Typical optical transmission spectrum for prepared thin ZnO  films with constructed envelope curves.  

 
 Figure 5 : Refractive index variation function in wavelength, for annealed ZnO at different temperatures. 

 
Figure 6: Variation of the refractive index at 550 nm and Porosity of ZnO films as a function of annealing 

temperature.  
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3.2.2 Absorption coefficient and The extinction coefficient 

The absorption coefficient refers to the amount of light absorbed by a substance. The absorption coefficient (α) 

was calculated using the following formula25:  

             𝑥 =
(𝐸𝑀−√ (𝐸𝑀

2 −  (𝑛2−1)3  (𝑛2−𝑛𝑠
4)   

(𝑛−1)3 (𝑛−𝑛𝑠
2)

    .                                                                                          (𝑎11)  

             𝐸𝑀 =
8𝑛2𝑛𝑠

𝑇𝑀
+ (𝑛2 − 1)(𝑛2 − 𝑛𝑠

2)    .                                                                                          (𝑏11)  

Finally, the absorption coefficient is given by: 

             𝛼 = −
ln(𝑥)

𝑑
    .                                                                                                                                 (𝑐11) 

where x is the absorbency and d is the thickness calculated from the equation (8). for each set of adjacent 

aphorisms or (minimas). 

The extinction coefficient (k) was derived from the absorption coefficient using the relationship26:    

             𝑘 =
𝛼𝜆

4𝜋
      .                                                                                                                                        (12) 

This coefficient reflects both absorption and scattering phenomena within the material, which are critical for 

understanding light behavior in thin films.  

Figure (7) shows the change in absorption coefficient values as a function of photon energy (hν) of annealed 

thin ZnO films at different temperatures. By comparing the spectra of annealed samples at different temperature 

as shown in Figure (7) the absorption coefficient spectra of the thin ZnO films show a sharp absorption edge 

corresponding to the optical energy gap of the material. As the temperature increases through annealing, the 

absorption edge shifts towards lower energies (i.e. longer wavelengths) due to the thermal expansion of the 

crystal lattice 27. 

 
Figure 7: Absorption coefficient variation as a function of photon energy (hν) of annealed thin ZnO films at 

different temperature. 

 
Figure 8: Variation of the Extinction coefficient as a function of photon energy (hν) of annealed ZnO films at 

different temperatures. 
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The extinction coefficient increased with photon energy, particularly in the high-energy region, where 

transitions from the valence band to the conduction band occur. As shown in Figure (8), the extinction 

coefficient values were minimal at lower photon energies, suggesting that the films remained relatively 

transparent. The increase in extinction coefficient with temperature suggests enhanced light trapping due to 

larger grain sizes, consistent with the findings of Mei et al. that attribute greater dispersion to larger grains27. 

3.2.3 Optical Energy Gap amd urbach energy (EU): 

ZnO is a direct bandgap semiconductor. The optical energy gap 𝐸𝑔  is determined using the Tauc relation 

(equation 13) 29: 

             𝛼ℎ𝜐 =  𝐵 (ℎ𝜐 − 𝐸𝑔)
1

2    .                                                                                                                 (13) 

This equation is rearranged to: 

             (𝛼ℎ𝜐)2  =  𝐵 (ℎ𝜐 − 𝐸𝑔)   .                                                                                                              (14) 

Plotting (αhν)² versus hν (Figure 9) yields a straight line in the region near the band edge. Extrapolating the 

linear portion of this plot to the x-axis (where (αhν)² = 0) gives the value of 𝐸𝑔. The results indicate a decrease 

in  energy gap (Eg) with increasing annealing temperature. The  energy gap (Eg)   for the as-prepared film was 

3.306 eV, decreasing to 3.281 eV at 350 °C, 3.259 eV at 450 °C, 3.244 eV at 550 °C, and 3.22 eV at 650 °C. 

This near-linear decrease is attributed to increased grain size and improved crystallinity, reducing and the 

density of defect states within the bandgap 30, Furthermore, grain growth resulting from the increased annealing 

temperature contributes to decrease the energy gap. Larger grains reduce the surface area and associated surface 

defects, further contributing to decrease the energy gap (Eg) 31. 

 
Figure 9 : Optical bandgap energies of ZnO films as a function of annealing temperature. 

The Urbach energy (EU), characterizing the width of the band tail states arising from disorder, was determined 

from the exponential region of the absorption edge. Equation (15) describes the Urbach tail 32: 

             α = α0 exp (
(hν)

EU
)   .                                                                                                                             (15) 

Taking the natural logarithm of both sides (equation 14) yields a linear relationship: 

             𝑙𝑛(𝛼) = 𝑙𝑛(𝛼0)) +
ℎ𝑣

𝐸𝑢
     .                                                                                                                    (16) 

Plotting ln(α) versus photon energy (hν) yields a linear relationship in the Urbach tail region (Figure 10), where 

the slope is inversely proportional to (EU) [32]. 

Figure 10 presents ln(α) versus (hν) for annealed ZnO thin films, revealing a non-linear dependence of (EU) on 

annealing temperature, indicative of significant microstructural evolution and defect density changes. The 

measured Urbach energies were, 0.282 eV for the as-prepared films, 0.384 eV at 350°C, 0.478 eV at 450°C, 

0.419 eV at 550°C), and 0.525 eV at  650°C. 

Critically, a significant reduction in (EU) occurred at 550°C (0.419 eV) compared to 450°C (0.478 eV). 

However, (EU) subsequently increased to 0.525 eV at 650°C. This non-monotonic variation in (EU) correlates 

with annealing-induced structural changes. 

At lower annealing temperature (350-450°C), high defect densities contribute to pronounced disorder, 

broadening the band tails and elevating (EU) [2]. As annealing temperature increases to 550°C, enhanced atomic 

mobility facilitates defect annihilation and improved crystallinity, thereby reducing disorder and significantly 
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lowering (EU) relative to 450°C  33. The subsequent rise in (EU) at 650°C  suggests the introduction of new 

defects, potentially due to thermally induced lattice strain or non-stoichiometry. 

 
 Figure 10  : Variance 𝐥𝐧(𝛂) as a function of photon energy (hν) of annealed thin ZnO films at different 

temperature. 

Complementary analysis (Figure 11) demonstrates the interdependence of the optical bandgap (Eg) and (EU) 

with annealing temperature, both serving as indicators of structural disorder. The minimum (EU) observed at 

550°C highlights this temperature as optimal for mitigating disorder in this system. These results underscore 

the critical role of precise annealing temperature control in minimizing defect density and optimizing the 

optoelectronic quality of ZnO thin films [33] 

 
 Figure 11 : Variation of optical energy gap and Urbach energy of ZnO films as a function of annealing 

temperature. 

Table 2 : Optical parameters of ZnO  films at different annealing temperatures. 

thickness nm 𝐸𝑢(𝑒𝑣) 𝐸𝑔(𝑒𝑣) 𝑛 =  𝑎 + 
𝑏

𝜆2 Annealing Temperatures, °C 

b×105 nm2 a  

333 0.282 3.306 0.313 1.760 As-Prepared 

322 0.384 3.281 0.329 1.790 350 °C 

303 0.478 3.259 0.357 1.843 450 °C 

296 0.419 3.244 0.367 1.860 550 °C 

291 0.525 3.220 0.380 1.870 650 °C 

3.2.4 The refractive index dispersion analysis: The dispersion of the refractive index was analyzed using the 

Wemple-DiDomenico model 34, which describes the electronic excitation spectrum below the absorption edge. 

The model is expressed as: 

             (𝑛2 − 1)−1 =  
𝐸0

𝐸𝑑
−

𝐸2

𝐸0𝐸𝑑
   .                                                                                                                 (17) 

where n is the refractive index, E is the photon energy (hν), E₀ is the oscillator energy, and 𝐸𝑑  is the dispersion 

energy. These parameters represent the energy of the effective oscillator and the average strength of interband 

optical transitions, respectively. Figure (12) shows a plot of (n² - 1)⁻¹ versus E². The slope and y-intercept yield 

values for E₀ and 𝐸𝑑 . An approximation relating the oscillator energy to the optical energy gap (𝐸𝑔) is 𝐸0 ≈

 2𝐸𝑔.    
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Table (3) summarizes the obtained dispersion parameters. The dispersion energy (Ed) exhibited a significant 

positive correlation with annealing temperature. This increase is attributed to enhanced charge carrier (electron 

and hole) mobility within the ZnO lattice. Higher annealing temperatures promote increased charge carrier 

mobility, leading to more frequent interactions with lattice defects (vacancies and interstitials). This results in 

enhanced scattering, increasing (Ed). Furthermore, annealing-induced grain growth modifies the microstructure, 

particularly reducing grain boundary density and thus scattering centers, further contributing to the observed 

increase in (Ed) 36. These results highlight the crucial role of microstructural modifications in regulating charge 

carrier dynamics and optical dispersion 37.  

Conversely, the oscillator energy (E0) demonstrated a negative correlation with annealing temperature. This 

decrease reflects weakened Zn-O bond strength resulting from increased lattice vibrations at higher 

temperatures. The thermal energy imparted during annealing disrupts interatomic bonds, lowering the oscillator 

energy. Improved crystalline quality, characterized by reduced defect density and increased crystallite size, 

further contributes to the reduced (E0) by diminishing the influence of defects on bond strength. The decreased 

(E0) also indicates a reduction in the frequency of electron transitions, illustrating the impact of thermal 

processing on the ZnO film's electronic structure.  

The static refractive index, n₀, was calculated using 35: 

             𝑛0
2 = 1 + 

𝐸𝑜

𝐸𝑑
    .                                                                                                                                   (18) 

This increase in (n0) is consistent with the observed improvements in crystallinity and material density, 

corroborating the trends observed in (E0) and (Ed). The enhanced optical properties, reflected by the higher (n0), 

are a direct consequence of the microstructural refinement and reduced defect density resulting from thermal 

annealing35. 

 
Figure 12: Variance between (n² - 1)⁻¹ and (𝐡𝐯)²Annealed zinc oxide  films at different temperatures. 

Figure (13)  illustrates the inverse relationship between (E0) and (Ed), highlighting the interdependence of 

charge carrier mobility and crystalline lattice structure. The increase in (Ed) with annealing temperature, 

indicating enhanced charge carrier mobility, is coupled with a decrease in (E0), reflecting weakened Zn-O bond 

strength. This inverse correlation, observed across the entire annealing temperature range, provides insights 

into the microstructural and electronic modifications induced by thermal processing. Reduced electron 

scattering and improved crystalline quality enhance the films' optical performance, as evidenced by the 

observed trends in (E0) and (Ed) 36. 
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Figure 13: Variation of Ed and E0 of annealed zinc oxide films at different temperatures.  

  The high-frequency dielectric constant (𝜀∞1 ) was determined using a modified Drude model (Equation 19) 41:  

             𝜀𝑟  = 𝑛2  − 𝑘2   = 𝜀∞1  −  
1

4𝜋2𝑐2 (
𝑒2 𝑁

𝜀𝑜𝑚∗) 𝜆2   .                                                                                  (19) 

where n and k are the refractive index and extinction coefficient, respectively. The analysis involved plotting 

𝜀𝑟   against λ² (Figure 14). 

Extrapolation to zero wavelength yields 𝜀∞1 , while the slope provides N/m*, the ratio of free carrier 

concentration (N) to effective mass (m). Figure (14) shows The observed decrease in   𝜀𝑟  with increasing 

wavelength is consistent with reduced material response at longer wavelengths41.  

The increase in  𝜀∞1  with annealing temperature is attributed to improved crystallinity and reduced defect 

density, leading to enhanced charge storage capacity42. This is further supported by the concurrent increase in 

N/m* with temperature (Figure 15), assuming m remains relatively constant43. 

The plasma frequency, a measure of free carrier density, was calculated using (Equation 20) 43:  

   𝜔𝑝  =  (
𝑒2𝑁

𝜀∞1𝜀𝑜𝑚∗)

1

2
    .                                                                                                                           (20) 

The increase in 𝜔𝑝 with annealing temperature confirms the increased free carrier density observed in the 

𝜀𝑟[43]. Table (3)  summarizes the dispersion parameters obtained at different annealing temperatures. 

 
 

Figure 14: Variance between 𝜺𝒓 and(𝛌)²  Annealed zinc oxide  films at different temperatures.  

 

 Figure 15: Variation of 
𝑵

𝒎∗ and 𝜺∞𝟏with increasing annealing temperature.  

Table 3 : Dispersion parameters of ZnO films at different annealing temperatures: 

𝜔𝛲 

(×1013) s−1 

𝑁/𝑚∗(×1055 ) 

m−3.kg −1 
𝜀∞1 𝜀∞2 𝑛0 𝐸𝑑(𝑒𝑣) 𝐸𝑜(𝑒𝑣)  

Annealing 
Temperatures, °C 

9.312 0.944 3.155 3.205 1.790 14.589 6.617 As-prepared 

9.424 1.000 3.265 3.320 1.822 15.254 6.576 350 °C 

9.563 1.093 3.465 3.528 1.878 16.460 6.511 450 °C 

9.578 1.117 3.531 3.597 1.897 16.843 6.486 550 °C 

9.766 1.174 3.570 3.642 1.908 16.993 6.431 650 °C 



JEF/Journal of Education Faculties  

     Volume19, Issue (2), 2025  

 جامعة عدن   – كليات التربية  مجلة  

 م   2025  ، ( 2عدد ) ، ال19  ل الم     

 

Study of the Effect of Annealing Temperature on the Structural and….                                                           Ali & Ahmed 

931 

Conclusions : This study aimed to investigate the effect of annealing temperature  (As-prepared, 350°C, 450°C, 

550°C, and 650°C) on the structural and optical properties of ZnO thin films prepared by sol-gel method and 

deposited by spin coating on glass substrates. X-ray diffraction (XRD) analysis confirmed a consistent 

hexagonal wurtzite structure across all samples, revealing enhanced crystallinity, increased grain size (15-22 

nm), and reduced microstrain and dislocation density with increasing annealing temperature. UV-Vis-NIR 

spectrophotometry demonstrated high visible transmittance, a redshift in the transmittance edge, and thickness 

reduction (333-291 nm), attributed to improved crystallization and organic matter removal. A corresponding 

increase in refractive index reflected enhanced material density and crystal arrangement, The optical energy 

gap decreased (3.31-3.22 eV) with increasing annealing temperature, consistent with improved crystallinity and 

larger crystal size. Urbach energy exhibited a non-linear trend, reduced at 550 °C before a slight increase at 650 

°C , suggesting optimal structural ordering at intermediate temperatures and the onset of defect formation at 

higher temperatures. Wemple-DiDomenico model analyses corroborated the improved crystal quality and 

reduced defects with increasing annealing temperature. Finally, enhanced free carrier density and improved 

optical dispersion properties were evidenced by increased plasma frequency with increasing annealing 

temperature.   
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الرقيقة  ZnOدراسة تأثير درجة حرارة التلدين على الخصائص الهيكلية والبصرية لأفلام 

 جل  بواسطة  الطلاء الدوراني -المحضرة بطريقة السول
 

 2محسن حسين أحمد                                                               1عبد الله عمر علي             

 لحج      جامعة  – صبر -تربية كلية ال -قسم الفيزياء                                     جامعة عدن –كلية العلوم  -قسم الفيزياء 

 

 

 

 رجة مئوية (علت خواص   650 550   450 350هدفت هذه الدراسةةةةة الت التحفي  فث ر دير  رجة ةرارت التلديب  قبم الجعال ة  : الملخص

أكد رحليم ةيو  الأشةةعة  .جم  بواسةةية  اليلاء الدارا ث علت ركا ز اجاجية-الرقيفة الجحضةةرت بيريفة السةةو   (ZnO)أفلام أكسةةيد الز  

 ا ومتر  اا خفاض فث   22 ا ومتر الت    15مع ايا ت فث ة م الحبوب مب     wurtziteاجو  بةية بلورية سةةداسةةية مب  و   (XRD) السةةيةية

أظهرت قياسةةات الييا الضةةو ث فث مةيفة الأشةةعة فوف البةفسةة ية االجر ية  .كم مب الإجها  اكثافة الخلع مع اررفا   رجة ةرارت التلديب

  اا خفاض فث سةةج    فاذية عالية فث الجةيفة الجر ية  اا زياح أةجر لحافة الةفاذية  (UV-Vis-NIR)  االفريبة مب الأشةةعة رحت الحجراء

 ) الكتران فولت  3.22- 3.31مب   البصةرية ا ومتر  اايا ت فث معامم الا كسةار  ارةاق  فث ف وت الياقة   291 ا ومتر الت    333الفيلم مب 

 عجت رحليلات   . رجة مئوية 550سلوكًا غير خيث  ةيث ا خفضت عةد  U(E (بيةجا أظهرت طاقة أارباخ  .اررفا   رجة ةرارت التلديب  مع

أخيرًا  أظهرت الةتةا ج ايةا ت فث كثةافةة  . ي  اميةيكو رحسةةةةب جو ت البلورت اا خفةاض العيوب مع اررفةا   رجةة ةرارت التلةديب- جوذج ايجبةم

 .الحاملات الحرت    ارر   البلااما  عةد  رجات ةرارت التلديب الأعلت

  .التشتت البصري -طاقة أارباخ  - ف وت الياقة البصرية -ةيو  الأشعة السيةية  -أغشية أكسيد الز   الرقيفة : ت المفتاحيةماالكل


