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Abstract: This study examines the Structural, Electrical, and Optical characteristics of Zinc Oxide substituted with aluminum 
(AlxZn1-xO; x = 0, 0.02, 0.04, 0.06, 0.08). The coprecipitation technique is used to synthesize the powders, and X-ray diffraction 
(XRD) is used to analyze the powders' structural properties. Field Emission Scanning Electron Microscopy (FESEM) is used to 
study the morphological characteristics of the produced powders. The UV-visible absorbance spectrum (UV-Vis.) was used to 
assess the particles' optical characteristics. Using photoluminescence (PL) spectra, the effects of morphology on the optical and 
electrical characteristics of produced powders were examined. The XRD patterns verified that a single-phase hexagonal wurtzite 
structure formed for each sample. The powders' FESEM pictures reveal how, as the Al concentration increases, the particles' 
morphology alters from hexagonal to spherical. The synthesized samples have crystallite sizes between 19 and 26 nm. The 
predictable variations noticed with Al3+ concentration are consistent with Al3+ incorporation into the ZnO lattice, as confirmed 
by the UV-Vis spectroscopy measurements.  
Keywords: Aluminum-substituted zinc oxide, Structural properties, Coprecipitation technique, Photoluminescence (PL) spectra, 
Hexagonal wurtzite structure 
 

I. INTRODUCTION 
Aluminum-doped zinc oxide (AZO) nanostructures have garnered significant interest in recent years due to their unique 
combination of structural, electrical, and optical properties.  
These properties make AZO nanostructures highly suitable for many applications, including transparent conductive oxides (TCOs), 
gas sensors, photovoltaic devices, and light-emitting diodes (LEDs) [1,2]. The co-precipitation method, a relatively simple and cost-
effective synthesis technique, has been widely employed to produce AZO nanostructures with controlled morphology and doping 
levels, further enhancing their application potential. The structural characteristics of AZO nanostructures, such as crystal size, lattice 
parameters, and morphology, significantly influence their performance in various applications. Studies have shown that aluminum 
doping can alter ZnO's crystallinity and grain size, leading to improved mechanical stability and enhanced surface area, which are 
crucial for sensor applications [3,4].The co-precipitation method allows for precise control over these structural parameters, 
facilitating the optimization of nanostructures for specific uses. The electrical properties of AZO nanostructures, including 
conductivity and carrier concentration, are pivotal for their function as Transparent Conductive Oxides (TCOs) and in electronic 
devices [5].  
Transparent Conductive Oxides (TCOs): AZO nanostructures are extensively used as TCOs in solar cells, touch screens, and flat-
panel displays due to their strong electrical conductivity and optical transparency [6]. Aluminum doping introduces additional free 
carriers into the ZnO lattice, thereby increasing its electrical conductivity. This enhancement in electrical properties makes AZO 
nanostructures ideal candidates for use in thin-film transistors and other electronic components where high conductivity and 
transparency are required [7]. Because of their substantial absorption in the UV and great transparency in the visible spectrum, AZO 
nanostructures are suited for optoelectronic applications [8].  The co-precipitation synthesis allows for tuning the energy band gap of 
ZnO by varying the doping concentration of aluminum. This tunability is crucial for optimizing the material for specific 
optoelectronic devices, such as UV photodetectors and solar cells [9]. By fine-tuning these properties through controlled synthesis 
methods, we can develop materials tailored to specific technological needs, paving the way for advancements in electronics, 
optoelectronics, and sensor technology. 
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II. EXPERIMENTAL DETAILS 
A. Synthesis Details 
Al-doped Zinc Oxide nanopowders with composition AlxZn1-xO (x = 0, 0.02, 0.04, 0.06, 0.08), were synthesized using the method 
of coprecipitation. Aluminum Nitrate Nonahydrate (Al (NO3)3. 9H2O) and Zinc Nitrate Hexahydrate (Zn (NO3)2. 6H2O) are the 
starting materials for this procedure. The raw materials were purchased from Sigma and were utilized straight out of the container, 
without any further purification. To get the precursor solution, the starting chemicals were first dissolved in 250 mL of deionized 
water in accordance to the stoichiometric ratio. The mixture was then stirred for six hours at a speed of about 2000 rpm using a 5 
mL Remi magnetic stirrer. Then, Sodium Hydroxide (NaOH) solution was slowly added until the metal nitrate solution's pH reached 
10. The pH of the solution is selected after careful examination of how pH impacts ZnO's properties. After some time of continuous 
stirring for 6 hours, a transparent, colorless, and uniform sol was formed. In the next step, the mixture was continuously stirred 
while the temperature was kept at 80° for three hours. Afterward, a centrifuge was used to repeatedly wash the precipitate to remove 
any last traces of nitrates from the mixture. The synthesized product was then filtered through paper Whatman filter No. 42 and 
heated for 12 hours at 350 °C in a muffle furnace. With the help of an agate mortar and pestle, the heat-treated powders were refined 
to fine powder before being submitted for various characterizations. An illustration of the nanopowder synthesis is represented in 
Figure 1.  

 

 
Figure 1: Synthesis of AlxZn1-xO nanopowders 

B. Characterization 
The produced powders' optical, morphological, and structural properties were characterized using different techniques. X-ray 
diffraction (XRD) [Philips PAN analytical, PW1830] is employed to measure the structural information of the synthesized 
nanopowders. Field Emission Scanning Electron Microscopy (FESEM; Make:Carl Zeiss; Model: Neon.40) determines the powder 
particle size and morphology. A Shimadzu UV 1800 UV–visible spectrometer tests the optical absorption characteristics of 
produced powders at room temperature, with measurement range included 200–800 nm, with a resolution of 4 nm. To provide 
insight into several faults in the produced powders, room-temperature Photoluminescence (PL; Horibs Jobin Yvon Fluorolog-3) 
spectroscopy is captured at an excitation wavelength of 350 nm (Energy = 3.54eV). 
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III. RESULTS AND DISCUSSION 
A. XRD Analysis 
Figure 2 represents powder XRD patterns of the investigated samples, recorded using Cu Kα radiation within the angle range of 10-
80°. The diffraction peaks are noticed around 31.99°, 34.65°, 36.47°, 47.73°, 56.79°, 63.07°, 66.55°, 68.14°, and 69.27° angles. 
These peaks and their corresponding planes confirm the characteristic ZnO's hexagonal wurtzite crystal structure as described in 
card number 36-1451 of JCPDS.  
The high intense diffraction peaks in the XRD patterns confirm high crystallinity and the broadening FWHM confirms the low 
crystalline nature. It also observed the phase purity of the synthesized powders as there were no additional impurity-corresponding 
diffraction peaks. With the substitution of Al, there is a small change in the FWHM and peak position with relation to pure ZnO. 
The low angle shift for 2% Al substitution is higher than the others. The inconsistent peak shift with the substitution is attributed to 
changes in the crystallographic properties of the samples, which are caused by the significant differences in the ionic radii of Zn 
(0.74 Å) and Al (0.53 Å). The shift in the peak position with the dopants is discussed by several authors [10,11]. The reports 
conclude that the host and substituted ionic radii play a major role in shifting the position of the peak toward the left or right 
compared to the original one [12,13]. 

 

Figure 2: XRD patterns of AlxZn1-xO nanopowders 
 

Figure 3: A shift of hexagonal (1 0 1) Bragg’s peak at 2θ=35.8 o– 37.2o 
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Bragg’s law represented as equation 1 used to calculate the structural parameters of AlxZn1-xO nanopowders by using the following 
relations (2–3) and values are represented in Table I. 
 

૛ࣂ࢔࢏ࡿ ࢊ =  (1) --------------  ࣅ࢔ 
 

Lattice parameters “a” and “c” were evaluated by analyzing diffraction peaks which, in turn, correspond to the (1 0 0) and (0 0 2) 
planes through the following relations. 

ࢇ = ࣅ 
√૜ ࣂ࢔࢏ࡿ

 -------------- (2) 

ࢉ = ࣅ 
ࣂ࢔࢏ࡿ

 -------------- (3) 
 

 
 
 
 
 
 
 

TABLE I: LATTICE PARAMETERS OF AlXZn1-XO NANOPOWDERS 
 
The crystallite sizes (D) along with structural parameters were measured for AlxZn1-xO nanopowders using the known Scherrer 
equation (4) and there are somewhat higher crystallite sizes observed with 2%, 4% and 6% Al substitution and on contrast, 8% Al 
substitution decreased the crystallite size in comparison with pure ZnO as given in Table I. 

ࡰ = ࣅ࢑ 
ࣂ࢙࢕ࢉࢼ

 ------------- (4) 

 
B. FESEM Examination 
Figure 4 presents the Field Emission Scanning Electron Microscopy (FESEM) images of AlxZn1-xO powders, captured at a scale of 
200 nm and a magnification of 100,000 times. The images reveal distinct morphological characteristics for AlxZn1-xO nanopowders. 
In case of pure ZnO, the nanoparticles exhibit a well-defined hexagonal shape, indicative of their intrinsic crystal structure. 
However, with the incorporation of Al3+ ions, there is a notable transformation in the nanoparticle morphology from hexagonal to 
spherical shapes.  

Sample 2θ° d-Spacing  a  c c/a D 

Pure ZnO 36.47149 2.46159 3.22812 5.17409 1.602816 22.2435 

2%  Al 36.39621 2.46651 3.23565 5.18610 1.602801 22.2829 

4%  Al 36.46110 2.46227 3.22905 5.17645 1.603089 22.4919 

6%  Al 36.41780 2.46510 3.23354 5.18300 1.602891 25.5552 

8%  Al 36.55300  2.45629 3.21962 5.16314 1.603646 19.7473 
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Figure 4: FESEM Images of AlxZn1-xO powders at 200nm scale and 100,000x Magnification 

 
This significant variation in surface shape indicates that the development process of ZnO nanopowders is greatly influenced by the 
presence of Al3+ ions. The introduction of Al3+ ions likely disrupts the regular hexagonal lattice, leading to the formation of 
spherical nanoparticles. Such morphological changes imply that the dopant concentration of Al3+ directly impacts the structural 
evolution of ZnO during the synthesis process [14–16] . These observations align with the research results published in the 
literature. Research has demonstrated that introducing different elements into ZnO may cause considerable changes to its 
morphological and structural characteristics, which is consistent with the findings of our FESEM investigation. The transformation 
from hexagonal to spherical morphology due to Al3+ doping aligns with the reported effects of dopants on ZnO's growth and 
morphology [17].  
 
C. UV- Vis Spectroscopy Analysis 
Nanopowders exhibit unique optical properties influenced by their size, shape, concentration, agglomeration state, and refractive 
index, particularly near the nanoparticle surface. Utilizing these properties, UV-Vis spectroscopy is a crucial method for identifying, 
characterizing, and studying nanomaterials [17].  The UV-Vis spectrum of AlxZn1-xO nanopowders, illustrated in Figure 5, 
highlights distinct features, with a significant absorption band at approximately 353 nm. This absorption is attributed to the 
composition and structure of the nanopowders.  

6% Al 

Pure ZnO 

8% Al 

4% Al 2% Al 
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An excitonic absorption peak appears around 250 nm for the ZnO nanopowders, and will lie well below the band gap wavelength of 
358 nm (corresponding to an energy gap of Eg = 3.46 eV). This highlights the relationship between the nanopowder's composition 
and its optical properties.  

 
Figure 5: UV-Vis spectra of AlxZn1-xO nanopowders 

 

Figure 6: Tauc plot of AlxZn1-xO nanopowders 
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Determining the energy gap (Eg) of materials is essential for understanding their electronic properties and potential applications. It 
is typically done using Tauc plots, which correlate the square of the absorption coefficient (αhv) with the photon energy (hν). Figure 
6 illustrates the Tauc plots obtained for AlxZn1-xO nanopowders. The energy gap values obtained for different compositions of 
AlxZn1-xO nanopowders are significant indicators of their electronic structure. The energy gaps for pure ZnO, and for ZnO with 2%, 
4%, 6%, and 8% Al were 3.14, 3.08, 3.04, 3.03, and 2.84 eV respectively. These values provide insights into how aluminum 
incorporation affects the band structure of ZnO and influences its optical properties. A notable observation in determining the 
energy gap is the effect of annealing on the sample. It is hypothesized that the variation in the energy gap value post-annealing is 
due to the enlargement of grain structures within the nanopowders. This highlights the influence of processing conditions on the 
material's optical properties and the importance of annealing in optimizing these properties for specific applications.  

 
D. Photo Luminescence Spectroscopy Analysis 
Photoluminescence (PL) studies are crucial for characterizing a range of material properties, such as the duration of excited states, 
surface contact locations, and impurity levels. PL emission provides both extrinsic and intrinsic flaws information simultaneously. 
Figure 7 displays the photoluminescence spectra of each sample, obtained at an excitation wavelength of 350 nm.  

Figure 7: PL spectra of AlxZn1-xO nanopowders 
 
The PL spectra of AlxZn1-xO nanopowders show two prominent PL peaks associated with the visible deep-level emission (DLE) and 
the UV near-band-edge (NBE) emission. The UV NBE emission, indicative of near-band gap excitonic emission or band-to-band 
transition, results from the recombination of free excitons. This emission is attributed to the inter-band radiative recombination 
between holes in the valence band and photogenerated electrons in the conduction band. The UV emission peak for the 2% Al and 
6% Al nanopowders shows a slight blue shift, as shown in Figure 7. This shift is attributable to an increase in nonradiative 
recombination.  Conversely, Figure 7 shows a minor red shift in the UV NBE emission peak location for 4% and 8% Al 
nanopowders. Fonoberov and Balandin proposed two theories to explain the redshift of UV NBE emission in ZnO nanoparticles: 
excitons associated with an ionized impurity at the nanoparticle surface or excitons trapped within the nanoparticle. The red shift in 
our samples is attributed to the size effect on the energy level of trapped excitons, as the average size of nanopowders increased with 
annealing temperature. Inherent defects such as oxygen vacancies (VO), singly negatively charged Zn vacancies (VZn), interstitial 
zinc (Zni), and zinc vacancies (VZn) are associated with the DLE. The second emission might result from the radiative 
recombination of a photogenerated hole with an electron filling an oxygen vacancy. According to earlier publications, the results in 
Table I are supported by the suggestion that the lattice parameters of the ZnO system are increased by the presence of both Zi and 
Oi sites by Al doping. The PL spectra, however, suggest that as the lattice parameters increase, the involvement of the Oi sites 
becomes more apparent. Overall, the considerable point-defect development in ZnO nanopowders may be designed via Al doping.  
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IV. CONCLUSION 
In conclusion, the study demonstrates that Al-doped ZnO nanopowders exhibit several enhanced parameters when compared to 
undoped ZnO. Notably, the crystallite size of the nanopowders decreases as the doping percentage of Al increases, reaching an 
optimal reduction at 8% Al doping. The analysis of structural and lattice parameters reveals significant impacts on various material 
properties, suggesting that Al doping effectively modifies the crystal structure of ZnO. Furthermore, the phase purity of the samples 
was confirmed, with no detectable impurities present in the compound. An important finding is that the increase in Al doping 
percentage correlates with a decrease in the energy gap of ZnO, which may have implications for its electronic and optical 
applications. The photoluminescence (PL) spectrum analysis indicates that ZnO nanoparticles exhibit a strong ultraviolet (UV) 
emission peak associated with near-band-edge emission, alongside a broad visible emission attributed to deep-level defects. This 
behavior underscores the potential of Al-doped ZnO in optoelectronic devices, where controlled doping can tailor the material's 
electronic and optical properties for specific applications. Overall, the results highlight the beneficial effects of Al doping on ZnO 
nanoparticles, paving the way for further exploration in various technological applications. 
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