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 ZnO:Al films with a 1% Al/Zn atomic ratio were created using a sol-gel spin 

coating technique on glass substrates. The films were annealed for a duration 

ranging from 2:20 to 3.40 hrs. at 500 ºС. The effects of annealing time on the 

structural and morphological properties of AZO films were investigated 

utilizing X-ray diffraction (XRD), SEM and EDX to characterize samples.  

Scanning electron microscopy analysis showed that ZnO nanostructures with 

varying average sizes were developed for both as-deposited samples and 

annealed films. SEM revealed that both the number and size of nanosheets 

increased. The EDX patterns showed the right elemental traces and the oxygen 

ratio-mediated growth of the ZnO nanostructure on the glass substrate was 

visible in EDX patterns. By measuring the absorbance and transmittance 

spectra in the wavelength range (300-850 nm), the optical characteristics were 

obtained. It was found that as annealing time increases, absorbance reduces 

while transmission increases. The optical measurements revealed the type of 

transition that was a direct allowed with an average band gap energies lie 

between 3.76 eV and 3.12 eV with the rising of annealing time. 
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 AZO دراسة تأثير زمن التلدين على الخصائص البنيوية والشكلية والبصرية لهياكل النانو
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 الــــخُـــلاصـــة   الكلمات المفتاحية: 

 ،  AZOهياكل نانوية من 

 الطلاء بالدوران، 

 الركيزة الزجاجية، 
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1. INTRODUCTION 

 ZnO nanostructures have recently 

gained significant attention because of 

their unique characteristics, namely 

their large band gaps (3.37 eV), which 

regarded natural n-type semiconductor 

materials[1]. Additionally, ZnO 

nanostructures have a high excitation 

binding energy of 60 mV at ambient 

temperature, which is higher than the 

energy of any other materials[2].Its 

high resistivity, medium dielectric 

constant, high heat capacity, high 

thermal conductivity, and low water 

absorption draw a maked study interest. 

ZnO is a substance and it can be 

produced in a number of nanostructures 

with ease [3,4]. Zinc oxide absorbs UV 

light with a wavelength less than 380 

nm and is transparent to visible light 

[5]. The ZnO thin films are important 

for technology because of their diverse 

spectrum of optical and electrical 

characteristics [6]. Transparency, great 

abundance, nontoxicity, and 

exceptional chemical and mechanical 

durability are only a few of the benefits 

that ZnO thin films offer over other 

oxide thin films such as ITO, CdO, 

SnO2, etc. The Zinc oxide thin films, 

often known as transparent conductive 

oxides, are a common component of 

solar cells, furthermore, it can serve as 

gas sensors and piezoelectric devices. 

In order to manufacture ZnO films of 

superior quality, a variety of techniques 

have been utilized. These methods 

include the sol-gel method, radio 

frequency magnetron sputtering, 

chemical vapor deposition, atomic layer 

deposition, pulsed laser deposition, and 

plasma-assisted molecular beam 

epitaxy [7-12]. The sol–gel chemical 

deposition process is particularly 

appealing among them because it is 

simple to use in the laboratory to create 

semiconducting thin films. With this 

method, ZnO thin films can be 

inexpensively coated on big and tiny 

areas for use in technological 

applications [13-16], quick chemical 

reaction times, non-vacuum 

environment, and low temperature 

productivity less than 100 ºС [17]. Not 

only can growth techniques affect ZnO 

film characteristics, but post-growth 

treatments like thermal annealing also 

have an impact. The influence that 

annealing has on the characteristics of 

ZnO thin films has been documented by 

a number of different groups [13-16]. 

The findings, especially 

concerning the influence of annealing 

duration on the structural and 

optoelectrical characteristics of ZnO:Al 

films, remain contentious. However, 

there were differences across the groups 

in the annealing parameters, such as the 

 زمن التلدين،  

 الخصائص الهيكلية، 

 الخصائص المورفولوجية.  

  

الهيكلية والتركيبية لأغشية   الخواص  التلدين على  تأثير زمن  دراسة  تم  باستخدام حيود   AZO،كما 

، أظهر تحليل المجهر الإلكتروني الماسح أنه تم تطوير    EDXو  SEM،  (XRD)الأشعة السينية  

هياكل نانوية من أكسيد الزنك بأحجام متوسطة ومتفاوتة لكل من العينات الغير ملدنة والملدنة بأزمان 

الماسح  الالكتروني  المجهر  بواسطة  للأغشية  التركيبية  الخصائص  دراسة  وتمت  مختلفة،  تلدين 

(SEM حيث وجد أن عدد وحجم الجسيمات النانوية قد زاد بزيادة زمن التلدين، كما أظهرت أنماط ،)

(EDX( تطوراً لبنى )AZO النانوية على الركائز الزجاجية. وبقياس طيف الامتصاصية والنفاذية )

(، تم الحصول على الخصائص البصرية وقد وجد أنه مع 300-850)  nmولمدى الاطوال الموجية  

زيادة زمن التلدين، تقل الامتصاصية بينما تزداد النفاذية. وتكشف القياسات البصرية عن نوع الانتقال 

مع زيادة   eV  3.12و  eV  3.76الذي كان مسموحا به بشكل مباشر عند فجوة الطاقة ويتراوح بين  

 زمن التلدين. 



JOURNAL OF KUFA–PHYSICS  |  Vol. 17, No. 1 (2025)                        Zainab Saad Lafta and Hayder J. Al-Asedy 

   23 

temperature, time, and ambient gas 

species. 

In this study, ZnO:Al 

nanostructures created on glass 

substrate with different annealing times 

for(2:20-3.40) hr at annealing 

temperature of 500 ºС, taking into 

account the noteworthy benefits of the 

combined sol-gel and spin coating 

approach. thus, prepared nano film 

samples and studying their structural, 

morphological and optical 

characteristics are identified as a 

function of annealing time. 

2. Experimental details 

ZnO:Al nanofilms were deposited 

onto glass substrates using the spin 

coating and sol-gel techniques. As a 

starting material, Zinc acetate dihydrate 

(ZnAc) [Zn (CH3COO).2H2O] (Alfa 

Aesar, 99.999 percent), the dopant 

source of aluminum is the aluminum 

nitrate nonahydrate [Al (NO3)3·9H2O] 

and diethanolamine (DEA) were 

dissolved in 2-propanol (C3H8O) at a 

concentration of 0.1 M. (AR, Merck). A 

transparent and stable solution was then 

obtained by adding DEA after using 2-

propanol, (ZnAc), and DEA as the 

solvent and stabilizer, respectively. 

ZnAc and DEA were kept at a 1:1 molar 

ratio in the solution, which is shaked 

with a magnetic stirrer at 65 °C for 90 

minutes. After 24 hours, a clear, 

homogeneous solution was produced, 

which is subsequently spin-coated onto 

glass substrates. The complete coating 

and drying procedure occur over 35 

seconds at 3000 rpm. The films were 

subjected to drying in an oven at 220 °C 

for 10 minutes following deposition. 

Ten times of coating and drying were 

completed to reach to the required 

thicknesses. The obtained AZO 

nanostructured films (as prepared) and 

annealed at 2.20, 2.40, 3.00, 3.20, and 

3.40 h in a microprocessor-controlled 

furnace 500 °C at a heating rate of 

5°C/min. X-ray diffraction (XRD, 

Bruker D8 Advance Diffractometer) 

was used to describe the morphology 

and structure of (all) produced 

materials. Cu-Kα radiations (1.5406) 

A° were used, and the scanning range 

(2) is 20-80°. The scanning is done at a 

modest rate of 1.2°/min. The elemental 

composition was assessed by an energy 

dispersive X-ray diffractometer (EDX), 

whereas surface morphology and 

optical qualities were evaluated using a 

scanning electron microscope (SEM, 

ZEISS SUPRA 35 VP). 

3. Results and discussion 

         3.1 Structural Properties: 

3.1.1 X-Ray Diffraction (XRD) 

        The XRD pattern of pre-annealed 

and post-annealed AZO nanofilm 

samples is illustrated in Figure 1. The 

samples are highly crystalline, as 

evidenced by the clear visibility of 

sharp diffraction peaks. All samples 

exhibit peaks corresponding to the 

lattice planes (growth directions) of 

(100), (002), (101), (102), (110), (103), 

and (200) orientations, which align with 

the angular positions of 31.86°, 34.42°, 

36.28°, 47.68°, 56.53°, and 62.92°, 

respectively. When compared to the 

normal JCPDS Card no. (36-1451) of 

ZnO with all the samples, hexagonal 

wurtzite polycrystalline structures can 

be seen. The observed rise in XRD 

intensity for the three highest samples 

with peaks (100), (002), and (101) 
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suggests preferential growth direction 

along the a or c lattice plane axes and 

both. The influence of size restriction is 

demonstrated by the fact that the full 

width at half maximum (FWHM) of 

these peaks decreases as the annealing 

time increases. 

 

Figure1. XRD pattern for 

prepared and post annealed at different 

annealing time samples. 

Scherrer’s equation was used to 

calculate the crystallite size (D) of 

the nanocrystallites: 

𝐃𝐚𝐯 =
𝐤𝛌

𝛃 𝐜𝐨𝐬 𝛉
                          (𝟏) 

Where λ is the wavelength of incident 

X-ray from XRD, β is the FWHM 

measured in radians and θ is the Bragg 

angle of diffraction peak. As the 

annealing duration extended from 2.20 

to 3.40 hours, while maintaining a 

constant temperature of 500 ºC, the 

grain sizes increased, hence enhancing 

the crystallinity of the nanofilms. 

Controlling the annealing period allows 

for an improvement in the crystalline 

quality of the films [18]. The rapid 

reduction of non-bridging oxygen type 

defects and the resultant enhancement 

in the formation of ZnO grains are 

attributable to the modifications in 

nanofilm growth facilitated by this 

annealing duration [19]. As measured 

by the length of the dislocation lines per 

unit volume of crystal, the dislocation 

density (δ) shows a decreasing 

tendency as annealing time increase. As 

a result, there are fewer lattice defects 

overall. For this film, we use the 

dislocation density formula by 

Williamson and Smallman [20], as 

listed in Table 1, and. D and FWHM 

values both went up, indicating that the 

ZnO nanostructured thin films 

crystallized better. The projected AZO 

NSs' estimated (c/a) ratio matched that 

of the ZnO bulk crystal's JCPDS Card 

No. 36-1451[21].  

 

Table 1 Annealing time dependent 

variation of FWHM, grain size, lattice 

parameters (a &c) with (c/a) ratio, 

Volume and dislocation density 

 

Ta/(hr) β ×10-3/ 

(Rad) 

D/(nm) a(Å) c(Å) c/a V/(Å)3 δ/(nm-2) 

0.00 0.721 15.32 3.2497 5.2064 1.6021 47.614 0.00426 

2.20 0.601 16.73 3.2502 5.2061 1.6017 47.629 0.00357 

2.40 0.517 18.46 3.2511 5.2052 1.6011 47.644 0.00293 

3.00 0.428 21.31 3.2515 5.2043 1.6006 47.648 0.00220 

3.20 0.318 27.46 3.2521 5.2034 1.6001 47.657 0.00132 

3.40 0.246 34.77 3.2525 5.2032 1.5997 47.667 0.00082 
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With longer annealing times, there was 

a noticeable shift in the (101) peak 

position toward a lower diffraction 

angle (Table 1), indicating that 

macroscopic strain had changed the 

lattice parameter (cell volume 

increasing lead to shifted towards 

smaller angle), that mean, a left-handed 

shift in X-ray diffraction pattern 

signifies lattice relaxation, while a 

right-handed shift corroborates the 

presence of a strained lattice. In contrast 

to the standard, all of the peaks have 

shifted to a lower 2θ value and have 

broadened (for a shorter annealing 

period. Defects in ZnO:Al thin films, 

including oxygen vacancies and lattice 

disorders, are during the annealing 

process, resulting in significant lattice 

shrinkage [22].The grain size of the as-

prepared sample (0.00 hr) was 15.32 

nm, which increased to 21.31, 27.46, 

and 34.77 nm after 3.00, 3.20, and 3.40 

h of annealing time, respectively. This 

showed that the crystalline quality of 

the film improved with longer 

annealing times. Prolonged annealing 

time resulted in granule expansion and 

a reduction in nonbridging oxygen 

defects, hence facilitating the formation 

of ZnO grains [21]. Increasing the 

annealing time has also shown to 

improve the overall crystallinity of 

AZO NSs films. Additionally, we can 

see that as time increases, crystallite 

size increases. 

The predicted grain size's 

temperature-dependent change is 

summarized in Table 2, strain, stress 

and density that is calculated from 

the equation. 1 [22]. 

𝑽 = 𝟎. 𝟖𝟔𝟔𝐚𝟐𝐜                             (𝟐) 

where a,c are lattice constants. It was 

also noted that when the annealing time 

increases, the density decreases. This is 

because of increasing in volume (a& c), 

and higher D when highly crystalline 

ZnO nanoparticles, cation and anion 

vacancies, stretched defects such 

dislocations, etc. are presented in the 

nanostructures utilized in these 

applications. 

        The overall film topologies were 

significantly altered as a result of the 

annealing temperature-induced lattice 

relaxation, which was influenced by the 

different dangling bonds within the 

film. The electrostatic interaction 

between the oxygen ions adsorbed from 

the surrounding environment and the 

dangling bonds on the AZO surface is 

responsible for a portion of the lattice 

shrinkage. 

Table 2 Annealing time dependent 

Grain size, Strain, Stress, Energy band 

gap and density for AZO nano film 

samples. 

Annealin

g time 

(hr) 

Grain size 

(nm) 

Strain (ε) Stress(σ) 

/(MPa) 

Energy 

band 

gap/(eV) 

ρ(gm/cm3) 

 

0.00 15.32 -0.000507 1.18 3.76 5.6395 

2.20 16.73 -0.00107 2.49 3.46 5.6377 

2.40 18.46 -0.00276 6.43 3.40 5.6359 

3.00 21.31 -0.00445 10.4 3.30 5.6355 

3.20 27.46 -0.00614 14.3 3.22 5.6343 

3.40 34.77 -0.0191 44.4 3.12 5.6403 
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Table 2 shows the predicted annealing 

time dependent values for all the strain 

and stress along the samples of 

generated ZnO:Al thin films. Negative 

strain readings indicated compressive 

properties. The strain values in this 

analysis are found to be negative 

(compressive in nature). Although there 

may be some extrinsic residual tension 

in the structure of the films (due to long 

thermal annealing times), there is also a 

sizable amount of intrinsic stress. For 

these samples (the stress with positive 

sign), The computed stress for each of 

the films had a positive sign, indicating 

that (co>c); as a result, the crystallites 

are under extensional stress. 

Additionally, this stress is marginally 

lessened when the annealing time rises, 

suggesting that the appropriate in an 

annealing time did not cause the crystal 

structure to be significantly deformed 

[22].  Is classified into two categories: 

extrinsic, resulting from the disparity in 

thermal expansion coefficients between 

the film and substrate, and intrinsic, 

arising from impurities, defects, and 

lattice distortions inside the crystal [23]. 

 

The XRD study and the 

increased grain size with extended 

annealing times were matched. As 

the annealing time increases, the 

average diameter of the NPs grows 

because the aggregation of NPs, 

prompted by thermal energy, causes 

the time extension. Decreased no-

bridging oxygen flaws and the 

subsequent beneficial creation of a 

hexagonal structure may also have 

contributed to the enhanced 

morphology [24]. 

 

3.2 Morphological Properties 

of ZnO:Al nanostructures: 

 

The compositional study of AZO 

nanofilms has been conducted utilizing 

SEM images. The raster region has been 

used to analyze the depth profile spectra 

of ZnO thin films, both as-grown and 

after annealing. Figure 2 (a), (c), (e), 

(g), (i), and (k) presents SEM images 

(top view) of AZO nanofilm samples, 

encompassing both pre-existing and 

synthesized samples subjected to 

annealing durations of 0.00, 2.20, 2.40, 

3.00, 3.20, and 3.40 hours, respectively. 

All samples, with the exception of the 

as-prepared sample, contain a mixture 

of nanoparticles and nanosheets. In 

contrast, the sample that had not been 

annealed had a uniform surface with a 

high grain density and higher 

nanoporous features as show in Figure. 

2 (a) (many big white spots). It was 

clearly observed that the no annealing 

time nificantly affected on the surface 

morphology of the AZO thin films (just 

pre-heating). 

Nevertheless, samples that were 

annealed for 2.20 hours (Figure. 2 (c)) 

and for 2.40 hrs (Figure. 2 (e)) have 

different surface morphologies 

somewhat different. This is due to the 

fact that the annealing process supplied 

enough thermal energy for the 

formation of such nanostructures (NPs 

and NSs). For the samples (c&e), the 

nanostructure of the two samples is 

composed of many spherical-shaped 

structures resembling particles [25].   
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The top view of the samples also 

showed a general rise in the regularity 

of the NPs, which were primarily 

composed of small amounts of big 

perpendicular nanosheets particles 

white in color in the Figures. 2 (g & i). 

Extending the annealing duration to 

3.00 hours enhanced the crystallization 

of AZO nanostructures, leading to a rise 

in both the size and number density of 

nanoparticles and nanosheets. It 

has been found that NPs' sizes range 

from 20 to 40 nm. On the NPs, some 

nanosheet were similar as can be seen in 

Figure. 2 (e & g) except that in the 

sample (g) where we noticed the 

appearance of more particles with 

increasing annealing time, and in terms 

of the clarity and prominence of a 

number of particles in a regular 

agglomeration, the sample (i) showed 

some spots in the form of aggregation, 

in addition to the agglomeration that 

already presented in it [22].  

When the annealing time was 

increased to 3.40 h, (Figure. 2 (k)) the 

films seemed smooth and even, whereas 

the granules increased in size, became 

tightly compacted, and were uniformly 

dispersed. The particle size of the 

coatings increased with prolonged 

annealing time, as evidenced by prior 

XRD measurements [26,27]. 

The cross-sectional SEM images of 

the 0.00, 2.20, 2.40, 3.00, 3.20 and 3.40 

hr annealed samples are shown in 

Figures 2 (b), (d), (f), (h), (j) and (l), 

respectively. Through thorough 

examination of the whole film cross-

section, the thickness uniformity over a 

sizable portion of the substrate was 

confirmed (Figure. 2 (b)). The thin film 

surface of the sample is absolutely free 

of any broken particles, and as there has 

not been any annealing, there were not 

any perpendicular nanosheets to be 

seen. The production of dense 

nanosheets with an estimated length of 

74 nm was, however, clearly visible in 

the ZnO:Al NSs after 2.20 hour of 

annealing (Figure. 2 (d)). The 

development rate of nanosheets has 

been noticeably accelerated by a further 

extension of the annealing time 2.40 hrs 

(Figure. 2 (f)). It was also clear from the 

cross-sectional morphology of the 

sample after 3.20 hrs of annealing 

(Figure. 2 (j)) that thick and dense 

grains had grown on the edge glass 

substrate. The presence of some 

granules that are perpendicular to the 

surface of the substrate is indicated by 

the growth of huge crystallites with 

enhanced roughness (micro sheets) and 

another  with low roughness (nano 

sheets), which were detected. The 

explanation for how nanosheets with 

ZnO:Al embedded formed together 

with nanoparticles, is because of the 

reaction of precursors materails to form 

ZnO:Al nuclei in the sol-gel assisted 

spin coating process. These kinds of 

nanostructures were produced as a 

result of rotation and the creation of 

uneven layers of unequal thickness 

(agglomerates of multiple 

nanoparticles). The complicated 

reaction process also significantly 

contributed to the variety in 

morphology of AZO nanostructures. 

On the other hand, oxidation at the 

higher time of about 3.40 h annealing 

period led to the development of 

nanosheets with a gradually rising 

density. At greater thickness, it is 

thought that the top oxide layer's 
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positive stress will grow significantly. It 

was resulting in a higher number of 

deformations and a quicker nucleation 

rate. As a consequence of an increase in 

annealing time, the oxidation duration 

increased, resulting in stress-induced 

nanosheets. For the annealed samples, 

the estimated grain sizes were greater 

than for non-annealed samples. It is 

obvious that as the synthesis time 

increases, so do the anticipated grain 

sizes. 

 

 

 

 

 

 

 

Figure 2. SEM images (top view) of AZO 

nanofilms: (a) as-prepared and annealed for 

(c) 2.20, (e) 2.40 (g) 3.00 (i) 3.20 and (k) 

3.40 hr. on the left, the cross-sectional SEM 

images of samples: (b) as-prepared and 

annealed for (d) 2.20, (f) 2.40, (h) 3.00, (j) 

3.20 and (l) 3.40 hr. 

 

3.3 EDX results: 

Figure. 3 demonstrates the 

EDX spectra of the ZnO:Al 

nanostructures sample at annealing 

temperature of 500 °C with 

annealing time 3.40 hrs, Which 

revealed the relative elemental 
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compositions of a portion of the 

studied sample containing 

chemicals such as Zn, O, Al and 

SiO2. It was found that the numbers 

which were computed for the 

atomic and weight percent of the 

elements were in excellent 

agreement with the values that were 

determined through 

experimentation. 

 

The EDX results indicated that the 

crystalline nanomaterial had high ZnO 

values and produced lower intensity 

ratios for ZnO than those obtained by 

heat treatment of other samples. 

Furthermore, the intensity of the highest 

peak (101) correlated to the high 

annealing time at XRD Figure (1). It 

asserted that the higher level thermal 

annealing led to a substantial increase in 

crystallization and a robust lattice 

orientation of the ZnO:Al phase. This 

was accompanied by the formation of a 

significant number of oxygen 

vacancies. The 240minute annealing 

sample exhibited significantly more Zn-

elemental peaks than the other samples, 

and the absence of any additional SiO2-

elemental peaks suggests that the 

sample is highly pure. This is 

comparable to stoichiometric ZnO. No 

impurity elements were detected [28].  

Furthermore, the oxygen elemental 

percentage as determined by EDX 

measurement was clearly affected by 

the annealing duration. 

 

 

Figure 3. The EDX spectra of the 

ZnO:Al NS prepared with 500 ºC  at 3.40 

hr. 

 

3.4 Optical properties 

3.4.1 Absorbance 

Figure (4) illustrates the 

absorbance spectrum as a function of 

wavelength within the range of (300-

850) nm, derived from the ultraviolet 

and visible regions of (AZO NS) 

compounds after the annealing for 

various durations (0.00, 2.20, 2.40, 

3.00, 3.20, 3.40) hrs at 500ºC. The 

spectra indicate that the nano samples 

exhibit significant absorption of 

ultraviolet radiation in the range of 300-

850 nm, while demonstrating minimal 

absorption in the visible and near-

infrared regions. Furthermore, it was 

observed that absorbance decreases 

progressively with increasing 

wavelength (for the only one curve), the 

absorbance increased with increasing 

the time annealing for all films, with the 

highest absorbance values occurring at 

shorter wavelengths. Due to the fact that 

the energy of the incident photon is 

lower than the optical energy gap of the 

semiconductor, this indicates that the 

photon that is incident on the electron 

does not possess sufficient energy to 

excite the electron and make it easier for 

it to transit from the valence band to the 
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conduction band. The absorbance 

progressively diminishes with extended 

annealing time as the quantity of 

photons absorbed by the atoms 

increases [24,29,30]. 

 

 

Figure.3 The absorption spectrum of 

aluminum-doped zinc oxide Nano films 

annealed with different annealing times. 

The peak absorption with red shift 

results with increased the annealing 

time, from the movement of electrons 

from the valence band to the conduction 

band (O2p-Zn3d) in which the 

absorption gap is less than 400 nm. The 

transfer and alteration in the energy gap 

may be attributed to grain size, 

potentially resulting from the 

enlargement of (AZO) crystals due to 

prolonged annealing or grain 

development, as well as modifications 

in the nanostructures. [31]. 

 3.4.2 Transmittance   

The transmittance spectrum was 

analyzed within the wavelength range 

of 300-850 nm, as depicted in Figure 

(5). A maximum transmittance of 

approximately 91% was observed in the 

nanomaterials, particularly for samples 

that were subjected to a longer 

annealing duration of 3.40 hrs. Based 

on this finding, it appears that the 

nanomaterials display a significant 

degree of transparency in both the 

visible and infrared areas of the 

electromagnetic spectrum. 

 

Figure (5) The transmittance 

spectrum of AZO nanofilms annealed with 

different annealing times. 

This work suggests that the 

reduction in thermal concentration of 

crystalline nanomaterials at elevated 

temperatures leads to an increase in the 

transmittance of annealed AZO films 

with extended annealing durations. The 

graph indicates an increase in 

transmittance with rising in the 

annealing time for all curves, and also 

increasing in transmittance with 

increasing wavelength in a single 

sample. It was observed that when the 

annealing duration increased, the 

average optical transmittance also 

increased, confirming the researcher's 

findings. [32,33]. 

 3.4.3 Optical Energy Gap (Egop) 

The optical energy gap of the direct 

transition  was calculated by using Tauc 

relation. The present work established 

that the optical energy gap of the AZO 

nanostructures, subsequently annealed 

for varying durations (0.00, 2.20, 2.40, 

3.00, 3.20, 3.40) hr at 500ºC, diminishes 

with prolonged annealing time. 
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Figure (6) The change in the energy 

gap values for AZO Nano films at different 

annealing times  

Extrapolating the straight line of 

(αhυ)² against the photon energy (hυ), 

as illustrated in Figure (6), yields the 

optical energy gap, with (αhυ)² serving 

as a function of the photon energy. With 

an increase in the annealing duration, a 

reduction in the optical energy gap for 

all samples was noted. This effect is 

associated with the gradual increase in 

particle size that occurs throughout the 

annealing process. These results align 

with the conclusions drawn by the 

researcher. [33,34]. 

Figure (6) illustrates that the optical 

energy gap in the blue spectrum region 

shifts following the annealing of 

samples at 500 ºC for 2.20 hrs, 

concurring with the energy gap of the 

red region as annealing progresses. A 

band gap was identified, increasing to 

(3.46 eV) and subsequently decreasing 

to (3.12 eV) with extended annealing 

time up to 3.40 hrs, as detailed in Table 

(2). Researches indicate that the tail of 

the band results from defects, including 

the existence of holes and surface 

roughness, which contribute to a 

decrease in the energy gap as the 

unsaturated defects progressively 

stabilize during thermal annealing. In 

addition, this results in a decrease in the 

number of unsaturated defects, which is 

accompanied by an increase in the 

quantity of saturated bonds and a 

decrease in the density of local states 

within the band structure [30, 34, 35]. 

It is posited that numerous defects 

were generated throughout the crystal 

development process, and these defects 

can be eliminated through annealing, 

commencing at a duration of 2.20 hr at 

a temperature of 500ºC. This improves 

the crystallization quality of the 

resultant materials by reducing defects 

in the (AZO) nanomaterials with 

prolonged annealing time, causing the 

energy gap to shift towards the red, 

thereby resulting in the optical range 

edge to shift to red due to increased 

concentration. [19]. 

3.4.4    Extinction Coefficient (k) 

The extinction coefficient was 

determined for all unannealed and 

annealed AZO nanofilms with varying 

annealing durations, and it can be 

derived using equation (2). 

k_₀=αλ⁄4π                               (3) 

The absorption coefficient is 

denoted by α, while the wavelength is 

represented by λ. Figure. 7 illustrates 

the extinction coefficient's variation 

with respect to the wavelength (λ) for 

annealed AZO nanofilms with variable 

annealing durations within the 300-850 

nm range. For each curve, it has been 

shown that the extinction coefficient 

increases as the wavelength increases, 
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and that the extinction coefficient of the 

samples decreases as the annealing time 

increases. It was observed that for all 

samples, the extinction coefficient is 

start elevating in the high ultraviolet 

region, with less down in the range 

(325-350) nm, and then in the low 

visible region subsequently increases 

again for the high visible region and 

above, that is agreed with the findings 

of the researcher [36]. 

 

Figure (7) The extinction coefficient 

for AZO nano films as a function of 

wavelength at different annealing times 

3.4.5 Refractive Index 

Equation (3) was employed to 

ascertain the refractive index (n) of the 

AZO nano coatings. 

𝒏 = [
𝟒𝑹

(𝑹 − 𝟏)𝟐
−  𝒌₀

𝟐 ]
𝟏
𝟐 −  

(𝑹 + 𝟏)

(𝑹 − 𝟏)
      (4) 

The reflectance is denoted by R, 

while the extinction coefficient is 

represented by k. Figure (8) illustrates 

the refractive indices of AZO nano 

films samples that were deposited on 

glass substrates, which vary with 

wavelength and different annealing 

times, indicating the velocity of light 

traversing a certain medium. The 

refractive indices of the materials vary 

with annealing time and the 

enhancement of nanostructure 

crystallization, as evidenced by XRD 

and the density quality of the nano-

material composition. The refractive 

index increases with increased of 

annealing time, from (0.00 -3.40) hr, for 

all sample curves, and it's reduced with 

increased the wavelength. At (0.00) hr, 

the refractive index values decrease 

with increasing wavelength, ranging 

from (2.31) to (1.75) in the UV region, 

from (1.75) to (1.25) in the VIS region, 

and from (1.25) to (1.12) in the NIR 

region for the unannealed sample (black 

curve). In the ultraviolet (UV) region, 

the range extends from (2.27) to (2.24), 

while in the visible light region (VIS), it 

extends from (2.24) to (1.77), 

subsequently rising to (1.85) in the 

near-infrared region (NIR) for the 

sample (3.40hr) represented by the blue 

curve. Our findings indicate that an 

increase in annealing time correlates 

with a rise in the refractive coefficient, 

supporting the notion that annealing 

enhances the reflection of 

nanomaterials. The elevated oxygen 

ratio may contribute to the high 

refractive index of (AZO) 

nanomaterials; specifically, with 

increased annealing time results in 

increased oxygen concentration for the 

(AZO) samples, thereby elevating the 

refractive index. This observation 

aligns with the findings obtained by 

Herve and Vandamm, who noted that a 

reduction in the energy gap value 

corresponds to an increase in the 

refractive index value [37]. 

 



JOURNAL OF KUFA–PHYSICS  |  Vol. 17, No. 1 (2025)                        Zainab Saad Lafta and Hayder J. Al-Asedy 

   33 

Figure (8) The refractive index as a 

function to the wavelength for the (AZO) 

nano films annealed with different 

annealing times. 

Conclusion: 

The samples of AZO nano films 

prepared using the technique (sol gel 

and spin coating) of post-annealing for 

different times while keeping the 

annealing temperature constant (500°C) 

compared to other non-annealed 

samples, led to a change in the 

structural, morphological and optical 

properties. In this study, the effects of 

annealing duration on surface as 

evidenced by XRD, SEM and EDX. 

The XRD findings demonstrate that 

each film has an unique AZO-

hexagonal crystal structure with a 

preferred orientation. With longer 

annealing times, the crystallite size rose 

from 15 nm to 34 nm. In AZO, optical 

transitions occur directly, and the value 

of the optical energy gap reduces as 

annealing time is increased. With 

longer annealing times, the 

transmittances increase from 63% to 

91%. Despite the post-deposition heat 

treatments, the annealing effect was 

seen on the optical properties as a 

moderate decrease in Eg from 3.76 eV 

to 3.12 eV at low transmittance values 

(92%). 
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