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Abstract 

Pure and aluminium doped ZnO-NPs were played the central role in every field of life due to 

           extraordinary physical, chemical and electrical properties. The main objective of the present 
[34]

research was used to enhance the electrical conductivity and reduce the electrical resistivity of 

aluminium doped zinc oxide-NPs. Synthesis of pure and aluminium doped zinc oxide-NPs (Zn1-

x xAl O) at x=0, 2.5, 5, 7.5 and 10 wt % was carried out by -precipitation method. The XRD co
[0] [0]

results depicted that hexagonal wurtzite crystal structure and crystallite size in the range of 13 - 25 

nm were calculated by using Debye-Scherrer's equation. Likewise, the non-uniform, irregular and 
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pore like surface morphology of the prepared NPs was evident from SEM micrographs. Various 
[0]

functional groups (CH, CO, OH and ZnO) attached to the surface of aluminium doped zinc oxide-

NPs w  identified by FTIR analysis. The -VIS spectra also depicted a shift towards the blue as UV

region of the visible spectrum. In terms of electrical properties with the help of experimental and 

         mathematical analyses of aluminum doped zinc oxide-NPs exhibited higher conductivity 

(1.34×10-6 to 1.43×10  S/cm) and lower resistivity (5.46×10  to 6.99×10 -cm). The present -3 5 2 Ω
[0]

results suggest that the aluminum doped zinc oxide-NPs have been improved the structural and 

electrical properties which make it a good candidate for optoelectronic devices. 

Keywords: Co-precipitation, Al-doped ZnO, Hexagonal wurtzite, Conductivity, Resistivity. 

 

 

 

 

 

 

 

 

 

Figure 1: Graphical expression of pure and Al- doped ZnO-NPs  
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1. Introduction 

Previous studied provided the information about the oxide base nanomaterials are used in textile, 

electronic, optoelectronic, sensing and biomedical filed due to multiple physical, chemical and 

      biological properties (Munir et al., 2021). Nanoparticles can be manufactured such as natural 

              resource as well as chemically and they are important materials in fuel cells, solar cells, 

        bactericidal agents, batteries, sensors, photocatalytic and self-cleaning coatings (Al-Kahlout, 

2012; Munir et al., 2020; Abutalib et al., 2020). The nanomaterials have been the extensively used 

multifunctional material owing to its non-toxicity, low cost, wide source, acid-base resistance and 

high catalytic activity. Moreover, the previous study reported that the three different types of defect 

such as point, line and surface defect are most common in crystals of oxide nanoparticles. The 
[10]

point defect linked with donor and acceptor defect, which have an effect on the electrical behavior 

of the nanomaterials (Ischenkoet al., 2005). But ZnO-NPs represents three type donor defects V , o

Zno and Zn , and three type acceptor defects O , O  and V . Due to large band gap in ZnO-NPs i zn i zn

       indicate the multiple defects in crystal. The pure ZnO-NPs show the high resistivity and low 

conductivity by using the different doping agents to decrease the resistivity and improved the 

conductivity up to significant values (Shi et al., 2011).   

            The ZnO semiconductor nanomaterial belongs to group II- IV of the periodic table and high 

concentration of electron in ZnO-NPs represents n-type characteristics.  was shows that with It

tunable band gap (~3.37 eV) and doping with E.N (higher electronegative elements such as Cu, F, 

Al and Co could be alter electrical behavior (Kang et al., 2019). Its larger band gap energy and 

           maximum excitation binding energy (~60 meV) make it feasible for higher temperature 

applications (Vadivel et al., 2014). During this study, ZnO-NPs synthesized with low-cost material 

and simple chemical technique and its electrical properties comparable to ITO materials. The ITO 

material highly expensive and it was used at commercial scale. It is important to mention here that 

the physical and chemical properties of ZnO-NPs can be modified by using different transition 

elements like Al, Cu, In, Sn, Ag and Co as doping materials (Shui et al., 2009). Furthermore, the 

ionic radii of Al (53 pm) are much smaller as compared to Zn (88 pm) which favour its addition 

as doping without producing stress (Griffen, 1981; Lee et al., 2003). Here, discuss the synthesis of 

          Al-doped ZnO-NPs was achieved through controlled stoichiometry and homogeneity at the 

http://www.plagscan.com/highlight?doc=143362538&source=10&cite=0&hl=textonly#0


       molecular level via -precipitation method. The prepared pure and Al-doped ZnO-NPs were co
[0]

characterized by using various characterization techniques such as XRD, SEM, FTIR, UV-VIS 

           and two probe methods. Moreover, these multiple characterization techniques were used to 
[0]

investigate the structural as well as electrical properties. For first time compare the experimental 

and mathematical modelling analysis such as second order polynomial function was applied on 

data for electrical properties. Finally, experimental and mathematical analysis shows that electrical 

conductivity increased and electrical resistivity decrease.  

2. Experimental details  

2.1. Chemicals  

  The following are the precursor such as Zinc nitrate hexahydrate (reagent grade {RG}, 98%), 

Aluminum nitrate nonahydrate (RG, 98%) and Sodium Hydroxide (RG ≥98%) used to prepare the 

pure and aluminium doped zinc oxide-NPs.  

2.2. Synthesis of pure and Al-doped ZnO-NPs 
[0]

The 200 mL de-ionized water was used to prepare the solution of zinc nitrate (0.4 M) and the 

solution was stirred on magnetic stirrer for 20 min at 70 C. This followed the addition of NaOH o

buffer solution to maintain the pH (11-12) of the solution. After that the white precipitate was 

obtained by washing with de-ionized water to remove impurities and then oven-dried (100 C for o

24 h) and afterwards, prepared ZnO-NPs powder was annealed at 200 C for 3 hours inside a o

muffle furnace. Likewise, the prepared Al-doped ZnO-NPs (2.5 %) aluminium nitrate solution was 

prepared in (0.4 M) zinc nitrate and the solution was stirred for 30 min at 70 oC on stirrer. Finally, 

the same procedure was repeated three time by various concentration (5.0, 7.5 and 10 wt %). The 

figure (1) represents the graphical expression of pure and aluminium doped zinc oxide-NPs. 

2.3. Mathematical Modeling 

In case of mathematical modeling the second order polynomial function was applied on the data 

  of conductivity to investigate the behavior of conductivity of pure and aluminium doped zinc 

oxide-NPs. 

2.4. Characterization of Al-doped ZnO- s NP
[0]

           The different characterization techniques was used to investigate the structural and electrical 

properties of aluminium doped zinc oxide-NPs, which include XRD  was model (X'Pert³ MRD)
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preferred to identified the structure and Debye- was used to calculate the Scherrer's equation (1) 

crystallite size. 

D = [(0.9λ ) / βcosθ]…………………… (1) 

To investigate the surface morphology by using SEM model (Emcrafts) micrographs. The multiple 
[9]

functional groups attached on the surface of spectrum were identified by FTIR model (FTS-14) 

and the optical behavior of the aluminium doped zinc oxide-NPs was observed by using UV-VIS 

model (Perkin Elmer Lambda 2). Finally, the electrical resistivity and electrical conductivity were 

calculated by using IV two probe methods.  

3. Results and discussion 

3.1. XRD analysis 

            The crystalline behavior of the aluminium doped zinc oxide-NPs were investigated by XRD 

          analysis and the hexagonal wurtzite crystal structure was identified from (Figure 2) by XRD 

             spectrum. The spectrum of pure and aluminium doped zinc oxide-NPs shows no extra peak 

appeared by increasing the Al-concentration. Because the Al-dopant concentration was affected 

the intensity level of the different peaks and it was not affect  the structure of ZnO-NPs. The ed

conformation about the Al ion properly substituted into ZnO- s because the smaller ionic radii NP

of Al (53 pm) as compared to +3 Zn+2(88 pm). The miller indices of different diffracted peaks (100), 

             (101), (102) and (112) were calculated and it was compared with previous reported JCPDS 

standard data (Card No. 80-0074) (Gherab et al., 2017; Bhuiyan et al., 2017, Norouzzadeh et al.,  

2020). Finally, it was expressed that the crystallite size of aluminium doped ZnO-NPs decreased 

via increasing -concentration was expressed in Table-1.  Al
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Figure 2: XRD spectrum of aluminum doped zinc oxide-NPs 

Table 1: Shows the crystallite size of aluminium doped zinc oxide-NPs 

Al dopant- ZnO NPs with different 

concentration (wt %) 

Peak (101) 

(nm) 

Peak (112) 

(nm) 

Average 

size (nm) 

0 25.31 24.6 24.9 

2.5 21.3 20.7 21 

5.0 19.0 18.5 18.7 

7.5 16.5 14.1 15.3 

10.0 13.7 12.3 13 
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3.2. FTIR analysis  

   The FTIR spectrum of Al-doped ZnO-NPs indicated that at higher concentration of Al atoms 

spectrum peaks slightly fluctuated and absorption spectrum from wavenumber 400-4000 cm  was -1

             expressed in (Figure 3). After that the several bands below 1000 cm  indicated inter-atomic -1

vibration modes and band at 3600 cm  represented O-H stretching mode. Furthermore, the mode -1

at 2400 cm  represents C-H rotational mode and stretching mode C=O vibration band exist in -1

between 1400-1600 cm . Finally, the peaks at 470 and 670 cm  represent the ZnO stretching mode -1 -1

(Piticescu et al., 2006; Akdag et al., 2016 Baghdadi et al., 2020). ;  

 

 

 

 

 

 

 

 

 

 

 

Figure 3: FTIR spectrum of pure and aluminium doped ZnO-NPs 

3.3. SEM analysis 

Pure ZnO-NPs micrograph depicted irregular small and large grain size; while Al-doping agent 

represents the same pattern but an increase in grain size was evident. The images were collected 

at the same range 1.0 µm as shown (Figure 4 also expressed the pore like surface morphology and ) 

it was compared with previous published data.( Kant et al.,2021).  

   1000 2000 3000 4000

1.6

2.4

3.2

Ab
so

rp
tio

n (
a.u

)

wavenumber (cm-1)

(E) 10.0% Al-doped ZnO-NPs

(D) 7.5% Al-doped ZnO-NPs

(C) 5.0% Al-doped ZnO-NPs

(B) 2.5% Al-doped ZnO-NPs

(A) Pure ZnO-NPs

(A)

(B)

(C)

(D)

(E)

 

 



(A) Pure zinc oxide-NPs 
 

(B) 10.0 wt% aluminium doped ZnO-NPs 

Figure 4: SEM patterns (A) Pure zinc oxide-NPs (B) aluminium doped ZnO-NPs 

 

3.4. Electrical analysis  

The resistivity and conductivity study explained that increase in aluminium concentration (x = 

0.00, 2.5, 7.5 and 10.00 wt %) in ZnO as dopant material (Figure 5) improved its conductivity 

          (1.34×10-6 to 1.43×10  S/cm) while decreased resistivity (5.46×10  to 6.99×10 -cm). The -3 5 2 Ω

          variation in resistivity and conductivity shows that Al substitution of Zn ions to improve the  

electrical properties of aluminium doped ZnO-NPs (Ahmad et al., 2013). Aluminium-doped ZnO-

NPs shows high conductivity and low resistivity properties comparable of an expensive material 

Indium tin oxide (ITO) (Bhugul et al., 2015), which shows potential applications in electrical and 

optical devices. 

 



 

        Figure 5: Resistivity and conductivity of aluminium doped ZnO-NPs  

3.5. UV-VIS analysis 

The UV-visible spectra explained the absorbance band of Al-doped ZnO-NPs in (Figure 6). The 

spectra at 0, 2.5, 5.0, 7.5 and 10 wt % aluminium concentrations indicated that as increased dopant 

(Al) caused wavelength decreased which caused a spectrum shift towards shorter wavelength (blue 

shift). Pure ZnO exhibited absorbance peak at 376 nm, while aluminium doped material peak shift 

             toward short-wavelength less than 376 nm (Sanguanprang et al., 2020; Zhang et al., 2017; 

    Dhamodharan et al., 2017).     

 

 

 

 

 

 

 

 

 



 

 

 

 

 

 

 

 

 

 

 

Figure 6: UV-VIS of aluminium doped ZnO-NPs 

3.6. Mathematical Modeling analysis  

            The data was used to create mathematical modelling of conductivity against the increasing 

concentration of dopant agent. The behavior of data is exponentially increasing which leads to the 

proposal of modelling with second order polynomial as shown in equation (2). The method of least 

square error is used to fit the data and to extract unknown coefficients used in generic second order 

polynomial. Figure 7 shows the proposed second order polynomial for mathematical model of the 

data of conductivity. The data itself is also shown to evaluate the goodness of fit for the proposed 

model. 
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          Conductivity = 1 × �������
2 + 2 × ������� + 3    (2) 

 

Figure 7: Data of conductivity (S/cm) as a function of doping concentration (wt.%). The proposed 
mathematical model of 2  order polynomial confirms the suitability of the proposed model along nd

with the extracted unknown parameter  s.

 

4. Conclusions 
[4]

         The aluminium doped ZnO-NPs were synthesized via co-precipitation method and hexagonal 

wurtzite crystal structure and crystallite size decreased by increasing Al concentrations in ZnO-

NPs was identified by using XRD analysis. After that the non-uniform and irregular pore like 
[10]

structure were identified by SEM analysis and FTIR was used to calculate the different rotational 

and vibrational modes attached on the spectrum of pure and aluminium doped ZnO-NPs. The UV-

VIS analysis was use to observed the absorption at 376 nm and wavelength decrease by increasing 

  doping concentration. Above all, the aluminium doped ZnO-NPs had better conductivity with 

          decreased resistivity as compared to ZnO-NPs and the analysis also investigated by applying 

http://www.plagscan.com/highlight?doc=143362538&source=4&cite=6&hl=textonly#6
http://www.plagscan.com/highlight?doc=143362538&source=10&cite=2&hl=textonly#2


mathematical modelling of second order polynomial function. Finally, the prepared nanomaterials 

(aluminium doped zinc oxide-NPs) were used in optoelectronics applications. 
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