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Abstract:  

This research work aims to prepare and characterization some Al-doped ZnO nanoparticles. The 

co-precipitation method was used for preparing the desired samples, where ZnO replaced by AlCl3. 

Then the resulted materials were characterized and their structural phases identified using the XRD 

technique, where eight crystalline phases were identified and then assigned to some of the 

interatomic planes, (100), (002), (101), (102), (110), (103), (112), and (201). Both the average 

crystalline size and the micro-strain were calculated for each sample, where it was found that both 

of them increase when Ai-content increases. UV-vis spectra showed an absorption peak centered 

at 3.34 eV which represents the optical bandgap of ZnO. Al-Impurities acted to improve and 

increase the value of the optical transmittance, especially in the visible light region. The increase 

of Al-content influenced, where their values increase when AL-content increases. the value of the 

calculated nonlinear refractive index may be considered promising for different optoelectronic 

applications. 
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1. Introduction: 

Nanomaterials and Nanocomposites are of high importance in different fields because of their 

potential applications, as storage energy devices, optoelectronic instruments, and solar cells. for 

example, Nanoparticles based on ZnO have used as a drug-delivery active medium in UV-region 

semiconductor lasers [1-6], where zinc oxide is a semiconductor oxide that has a wide direct 

bandgap of about 3.37 eV, and a large exciton binding energy of about 60 m eV [2, 3], at room 

temperature.  Large numbers of publications stated that Nanoparticles based on Zinc metal oxide 
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with or without another metal oxide or more is considered as one of the most unique ways that 

provide what called long-lasting superior protection [7-9]. Also, it was found that when ZnO 

nanopowder mixes with other different ions acts to improve the optical, electrical, and catalytic 

properties of these ions [9], especially, when ZnO nanopowder doped with Al, where the resulted 

compound is conductive and transparent in the visible region, which suggests it be used in the 

transparent conductive pastes [10–11]. Therefore, in recent years the most researchers in the area 

of material science focused to develop new technics and experimental methods to obtain and 

fabricate ZnO nanostructures, like the co-precipitation, sol-gel, hydrothermal, and spray pyrolysis 

[12-18], Among all developed techniques the co-precipitation technique has attracted more 

attention because of its simplicity as well as its low cost, and effectiveness. Through inspecting 

the related previous articles, it was found that ZnO nanopowder doped with Al were reported only 

by a small number of researchers especially their optical properties in the UV-vis-near Ir region. 

So, this study is performed to prepare Al-free and Al-doped ZnO nanopowder using the co-

precipitation method, to estimate the effect of Al-doping on structural and optical properties of 

ZnO nanopowder. 

 

2. Experimental Work: 

Pure and Al-doped ZnO nanoparticles were prepared by the chemical co-precipitation method. The 

materials used in this study without any purification include: Zinc acetate de hydrate {Zn 

(CH3COO)2 .2H2O}, sodium hydroxide (NaOH), Aluminum chloride Anhydrous (AlCl3). The 

experimental procedure for the preparation of pure ZnO and Al-doped ZnO samples are as follows: 

for the preparation of pure ZnO nanoparticles, 21.950 g of Zinc Acetate was dissolved in 100 ml 

distilled water and the solution mixed to be homogenous, then 16 g of sodium hydroxide was dis-

solved in distilled water. Next NaOH solution was added drop wise to obtain homogenous mixed 

solution, yielding a white precipitate. The white precipitate was stirred at room temperature for 2 

hours. After that the solution was washed several times with distilled water and ethanol. The white 

powder was dried at 70 ºC for 3 hours followed by further heating at 400 ºC for 4 hrs, finely the 

white powder was grind using agate mortar. For the synthesis, Al doped ZnO nanoparticles, (2%) 

of Aluminum chloride was dissolved in (20 ml) distilled water, and (21.51 g) of zinc acetate 

dissolved in (80 ml) distilled water solution after stirring both solutions for half an hour the AlCl3 

was added dropwise to zinc acetate solution with continuous stirring then (16g) of sodium 
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hydroxide which dissolved in (100 ml) distilled water was added dropwise to this homogenous 

mixture to form a white precipitate. The solution with the white precipitate was processed as above 

to obtain Al-doped ZnO samples, table (1). The prepared samples were then characterized using 

different experimental methods, like the Powder X-ray diffractometer (XRD), at room temperature 

using a PW 1830 diffractometer with Cu Kα radiation (40 KV X 25 mA) and a graphite 

monochromatic, with 2θ values from 10 to 80 degrees. The optical measurements were obtained 

using Genway 6405-UV–visible Spectrophotometer which was used to get the optical UV–vis. 

Spectra, in the range 190 to 110 nm, at room temperature. While the FTIR spectra were recorded, 

at room temperature, using Fourier transform Infrared (FTIR) spectrometer in the range from 4000 

to 400 cm−1. 

Table (1) Samples Composition 

Sample Code x wt (%) ZnO wt % AlCl3 wt% 

AZ1 0 100 0 

AZ2 4 96 4 

AZ3 6 94 6 

AZ4 8 92 8 

 

3. Results and discussion  

3.1 Structural phase identification: 

Figure (1) illustrates the normalized XRD patterns for the Aluminum-free sample and Aluminum-

doped samples, where the pattern of each sample consists of eight- sharp peaks of different 

amplitudes and different positions.  The existence of such a number of peaks means a variety of 

crystalline planes (hkl) that can be characterized according to their positions as in table (2). Based 

on the standard data on JCPDS card No. 36 –1451) all these data remark the structure matrix of 

Zinc oxide, ZnO, in other words, each sample has a pure hexagonal structure with well-developed 

crystallinity, where Al3+ ions were substituted into the sites of Zn2+ ions and/or incorporated into 

interstitial sites in the lattice without altering the hexagonal structure of ZnO [22]. it was observed 

when the content of Al3+ increased above 6% the positions of the crystalline phases/peaks exhibit 

a slight shift towards the higher diffraction's angle 2θ°, which may be attributed to the lattice 

shrinkage caused by the replacing of the Zn2+ (radius 0.74 ̊A) by Al3+ (radius 0.53 ̊A)  [23-26]. 
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Williamson-Hall (W-H) model, equation (1), was used to determine the average crystallite size 

(D) and the micro-strain (ε) for all samples; 

 βcosθ = Kλ + 4ε sinθ D                                                                                                             (1) 

𝛽ℎ𝑘𝑙 =  𝐾𝜆𝑑ℎ𝑘𝑙 𝐶𝑜𝑠 𝜃ℎ𝑘𝑙  + 4 𝜀 tan 𝜃ℎ𝑘𝑙                                                                                               (2) 

𝛽ℎ𝑘𝑙𝐶𝑜𝑠 𝜃ℎ𝑘𝑙 =  𝐾𝜆𝑑ℎ𝑘𝑙  + 4 𝜀 Sin 𝜃ℎ𝑘𝑙                                                                                            (3) 

Where β is the full width at half maximum (FWHM) of the peak, θ is the Bragg's diffraction angle, 

K is the shape factor (K = 0.9), λ is the wavelength for CuKα radiation (λ = 1.54056 Å). Williamson 

[25-27] proposed the dependency of the diffraction line broadening on the crystallite size and strain 

contribution as shown in relation (2), which may further simplified to be as relation (3), 

Williamson Hall (W–H) equation. By plotting thee right hand side of relation (3), 𝛽ℎ𝑘𝑙𝐶𝑜𝑠 𝜃ℎ𝑘𝑙, 
versus 4 Sin 𝜃ℎ𝑘𝑙 , as shown in figure (2), both micro-strain ε and the crystal size can be obtained. 

Where the slope of the resulted line gives the micro-strain ε, while the y-intercept gives the 

crystallite size.  Figure (3) depicts that the obtained average crystallite size increase approximately 

linearly when ZnO is replaced by AlCl3, where the Al-doped samples showed crystalline sizes 

larger than the Al-free one, which suggests the enhancement of crystalline quality. While figure 

(4) showed that the obtained micro-strain increases slightly when AlCl3 content increases, which 

may be due to lattice mismatch with increasing the Al concentration.  

Figure (5) exhibits Fourier-transform infrared spectroscopy, FTIR, for the Al-free sample and Al-

doped samples in the wavelength range 400-4000 cm-1. The absorption peak at 477 cm-1 is 

corresponding to the stretching mode of ZnO vibration. The absorption peak around 570 cm-1 

attributed to presence of Al in ZnO lattice. The stretching mode of vibration bands due to C=O is 

observed between 1600-1400 cm-1. A broad band of absorption were observed at 1097 cm-1  , 1384 

cm-1  and 840 cm-1 effect the presence of   H2O (O-H) and CO2 (C-O) that absorbed from the air, 

so can be ignored [28-29]. Those results confirmed the reducing the bonding force between acetate 

anion and zinc cations when the structural phase transformed from zinc acetate to ZnO, where the 

OH-groups gradually replaced with acetate groups, which removed completely to forming 

Zn(OH)2, and hence/finally ZnO could be formed with the release more of acetate anion [30]. 
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Table (2): detectable crystalline Planes 

Phase No. Position (2θ°) Crystalline Plane (hkl) Refs. 

1 31.69 (100) 

[19-20-21] 

2 34.36 (002) 

3 36.18 (101) 

4 47.46 (102) 

5 56.52 (110) 

6 62.80 (103) 

7 67.88 (112) 

8 69.01 (201) 

 

Figure (1): XRD patterns for all samples 
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Figure (2): βCosθ versus 4Sinθ 

 

Figure (3): crystal size versesAlCl3 concentration 
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Figure (4): strain as a function of Al content. 

 

Figure (5) FTIR spectra for all the prepared samples. 
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3.2 UV-vis spectral analysis & Optoelectronic parameters:  

The study of non-centrosymmetric substances like ZnO nanopowder is of most importance in 

estimate the electronic structure according to the optical properties, which are of high importance 

in updating both the electronics and optoelectronic devices for the different applications. In the 

current study some optical parameters like the transmittance, and absorbance were measured, 

while some others like absorption coefficient, linear refractive, and nonlinear refractive index were 

calculated [31-32-33]. For the studied samples both the optical absorbance and optical 

transmittance were measured then normalized, by dividing by the highest value, to avoid the 

instrumental errors. Figure (6) shows the variation of the normalized optical absorbance with the 

change in the wavelength of the incident light, where all samples exhibit approximately the same 

cut-off wavelength around 293 nm, in addition to an absorption peak at 373 nm which represent 

the optical bandgap of ZnO in the UV region. Figure (6) also clarify the effect of All-content on 

the optical absorption, where the increase of Al-content act to increase the optical absorption, such 

increase may be due to the observed increase in the average crystal size, as shown in figure (3). 

Figure (7) illustrates that all the studied samples have a wide transmission window extended over 

all the visible range, which may suggest them for multi applications in this region. According to 

relation (4), [34], both the optical absorption of each sample and its thickness (t) were used to 

calculate its absorption coefficient α, which is an important factor for determining the energy 

bandgaps for both direct and indirect allowed transitions, by using Tauc’s relation (5), [35-36]; 𝛼 = 2.303 ∗  𝐴𝑡                                                                                                                               (4)  𝛼𝐸 =  𝛼𝑜 (𝐸 − 𝐸𝑔)ϳ                                                                                                                      (5) 

Where αo is a constant called band tailing parameter, Eg is the optical energy gap, and j is the power 

factor of the transition mode. The values of j for both direct and indirect transitions are ½ and 2, 

respectively. To determine the value of the energy bandgap for indirect allowed transition the 

quantity (αE)0.5 was plotted versus the photon energy E, as shown in figure (8), where the direct 

bandgap energy is equal to the intercept of the straight portion curve with the x-axis. And by the 

same method, it can determine the value of the bandgap energy for the direct allowed transition by 

plot (αE)2 versus E, as shown in figure (9). The calculations showed that the replacement of ZnO 
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by AlCl3 act to increase the optical bandgaps from 3.53 to 3.75 for the indirect allowed electronic 

transitions, and from 3.75 to 4.1 eV for the direct allowed electronic transitions.  

 

 

Figure (6): The normalized Absorbance, for all the prepared samples. 

 

Figure (7): The optical transmittance, for all the prepared samples 
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Figure (8): (αE) 0.5 versus E=hν for all the prepared samples 

 

Figure (9): (αE) 2 versus (E=hν), for all the prepared samples 
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Figure (10): (𝜺′) and (𝜺′′) as a functions of the photon energy  

Based on the measured optical parameters the optical dielectric relaxation can be organized in view 

of the real (𝜺′) and imaginary (𝜺′′) components of the optical dielectric constant ε* [37-38]. Where 

for unfree damper, the real component (𝜺′) characterize the damping of the light propagation 

thorough the material/medium. Also this component, which related to the energy stored within the 

medium, can be considered as accounts for electromagnetic dispersions. In other side, the 

imaginary component is considered as a damping factor describes the amount of energy loss and/or 

absorbed within the medium [37-38]. 𝐾(𝐸) =  𝛼 ℎ𝑐4𝜋𝐸                                                                                                                                (6) 

𝑅 =  100−𝐴−𝑇%100                                                                                                                              (7) 
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𝑛 =  1+𝑅1−𝑅 +  √ 4𝑅(1−𝑅)2 + 𝐾2                                                                                                            (8) 

𝜀′ =  𝑛2 −  𝐾2                                                                                                                               (9) 𝜀′′ =  2 𝑛𝐾                                                                                                                                        (10) 𝜀∗ =  𝜀′ + 𝑗 𝜀′′                                                                                                                                 (11) 

Figures 10(a-d) represents the vibration of 𝜺′ and 𝜺′′ with the energy of the incident photons for x 

= 0, 0.04, 0.06 and 0.08, respectively. Where the real component 𝜺′ increases while the imaginary 

component (ε'') decreased, in such a way where both of them show a peak in the same position 

(3.3 eV). Such a result can be used to obtain the average plasma frequency𝑓𝑜 = 8 𝑥 1014 𝐻𝑧 which 

is higher value expresses the existence of a high concentration of free carriers [37].  

 

3.4 Nonlinear optical parameters 

𝜒(1) =  𝑛2−1 4𝜋                                                                                                                                     (12) 𝜒(3) = 1.7 𝑥 10−10 (𝜒(1))4                                                                                                           (13) 

𝑛2 =  12𝜋 𝜒(3)𝑛                                                                                                                                (14) 

Frequency conversion materials especially nanopowder semiconductors are important for 

nonlinear optical applications, so it is useful to identify the nonlinear properties of the studied 

samples to recognize if they are suitable for nonlinear devices and applications or not. For this 

promotion, it's favorable to use the Z-scan technique but it's not available for now at least so the 

set of the previous relations should be used to obtain the nonlinear parameters of the studied 

samples based on UV-vis measurements. Figure (11) shows the calculated nonlinear refractive 

index n2, where the obtained values for the Al-free sample and Al-doped samples is better than 

those reported previously [38-39], which may suggest these samples for nonlinear applications. 
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Figure (11): Nonlinear refractive index n2 

Conclusion:  

Four Nano composite powder samples have been prepared base on the chemical reaction formula, 

Zn1-x. Alx, where 0 ≤ x ≤ 0.1 in wt% using the co-precipitation method. The substitution of ZnO by 

Al setup seven crystalline phases/planes (100), (002), (101), (102), (110), (103), and (201). For 

characterizing the obtained samples the average crystalline size and the micro-strain were 

calculated and were found to be increase with increasing Al content. All the studied samples 

exhibited high optical transparency in the visible light region. Direct and indirect energy gaps, the 

absorption coefficient, and nonlinear refractive index were calculated and showed increasing 

values with increasing Al content. The obtained results are considered promising for different 

optoelectronic applications. 
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