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Pure and aluminium doped ZnO-NPs were played the central role in every field of life due to extraordi-
nary physical, chemical and electrical properties. The main objective of the present 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-xAlxO) at x = 0, 2.5, 5, 7.5 and 10 wt%
was carried out by co-precipitation method. The XRD results depicted that hexagonal wurtzite crystal
structure and crystallite size in the range of 13–25 nm were calculated by using Debye-Scherrer’s equa-
tion. Likewise, the non-uniform, irregular and pore like surface morphology of the prepared NPs was evi-
dent from SEM micrographs. Various functional groups (CH, CO, OH and ZnO) attached to the surface of
aluminium doped zinc oxide-NPs were identified by FTIR analysis. The UV–VIS spectra also depicted a
shift towards the blue 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 conductiv-
ity (1.34 � 10�6 to 1.43 � 10�3 S/cm) and lower resistivity (5.46 � 105 to 6.99 � 102 O-cm). The present
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.
� 2021 The Authors. Published by Elsevier B.V. on behalf of King Saud University. This is an open access

article under the CC BY-NC-ND license (http://creativecommons.org/licenses/by-nc-nd/4.0/).
1. Introduction

Previous studies provided the information about the oxide base
nanomaterials are used in textile, electronic, optoelectronic, sens-
ing and biomedical filed due to multiple physical, chemical and
biological properties (Munir et al., 2021). Nanoparticles can be
manufactured such as natural resources as well as chemically
and they are important materials in fuel cells, solar cells, bacterici-
dal agents, batteries, sensors, photocatalytic and self-cleaning
coatings (Al-Kahlout, 2012; Munir et al., 2020; Abutalib and
Rajeh, 2020; Nosheen et al., 2021; Mazari et al., 2021a; Mazari
et al., 2021b). The nanomaterials have been the extensively used
multifunctional material owing to their non-toxicity, low cost,
wide source, acid-base resistance and high catalytic activity. More-
over, 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 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 repre-
sents three type donor defects Vo, Zno and Zni, and three type
acceptor defects Ozn, Oi and Vzn. Due to large band gap in ZnO-
NPs indicate the multiple defects in the crystal. The pure ZnO-
NPs show the high resistivity and low conductivity by using the
different doping agents to decrease the resistivity and improve
the conductivity up to significant values (Shi et al., 2011).
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The ZnO semiconductor nanomaterial belongs to group II- IV of
the periodic table and high concentration of electrons in ZnO-NPs
represents n-type characteristics. It shows that with tunable band
gap (�3.37 eV) and doping with E.N (higher electronegative ele-
ments such as Cu, F, Al and Co could be altered electrical behavior
(Kang et al., 2019). Its larger band gap energy and maximum exci-
tation binding energy (�60 meV) make it feasible for higher tem-
perature applications (Vadivel et al., 2014). During this study,
ZnO-NPs were synthesized with low-cost material and simple
chemical technique and its electrical properties were comparable
to ITO materials. The ITO material is highly expensive and it was
used on a 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 and Park, 2003). Here, discuss the synthesis of
Al-doped ZnO-NPs was achieved through controlled stoichiometry
and homogeneity at the molecular level via the co-precipitation
method. The prepared pure and Al-doped ZnO-NPs were character-
ized by using various characterization techniques such as XRD,
SEM, FTIR, UV–VIS and two probe methods. Moreover, these mul-
tiple characterization techniques were used to investigate the
structural as well as electrical properties. The first time comparison
of the experimental and mathematical modelling analysis such as
second order polynomial function was applied on data for electri-
cal properties. Finally, experimental and mathematical analysis
shows that electrical conductivity increased and electrical resistiv-
ity decrease.
2. Experimental details

2.1. Chemicals

The following are the precursor such as Zinc nitrate hexahy-
drate (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

The 200 mL de-ionized water was used to prepare the solution
of zinc nitrate (0.4 M) and the solution was stirred on a magnetic
stirrer for 20 min at 70 �C. This followed the addition of NaOH buf-
fer 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
24 h) and afterwards, prepared ZnO-NPs powder was annealed at
200 �C for 3 h inside a 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 �C on stirrer. Finally, the same procedure was repeated three
times by various concentrations (5.0, 7.5 and 10 wt%). Fig. 1 repre-
sents 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

2.4. Characterization of Al-doped ZnO-NPs

The different characterization techniques were used to investi-
gate the structural and electrical properties of aluminium doped
zinc oxide-NPs, which include the XRD model (X’Pert3 MRD) was
preferred to identify the structure and Debye-Scherrer’s equation
(1) was used to calculate the crystallite size.

D ¼ 0:9kð Þ=bcosh½ � ð1Þ
To investigate the surface morphology by using SEM model

(Emcrafts) micrographs. The multiple functional groups attached
on the surface of the spectrum were identified by the 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 conduc-
tivity 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
was investigated by XRD analysis and the hexagonal wurtzite crys-
tal structure was identified from (Fig. 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 affected the structure of ZnO-
NPs. The conformation about the Al ion was properly substituted
into ZnO-NPs because the smaller ionic radii of Al+3(53 pm) as
compared to 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 alu-
minium doped ZnO-NPs decreased via increasing Al-concentration
was expressed in Table 1.

3.2. FTIR analysis

The FTIR spectrum of Al-doped ZnO-NPs indicated that at higher
concentrations of Al atoms spectrum peaks slightly fluctuated and
absorption spectrum from wavenumber 400–4000 cm�1 was
expressed in (Fig. 3). After that, the several bands below
1000 cm�1 indicated inter-atomic vibration modes and band at
3600 cm�1 represented O–H stretching mode. Furthermore, the
mode at 2400 cm�1 represents C–H rotational mode and stretching
mode C=O vibration band exists in between 1400 and 1600 cm�1.
Finally, the peaks at 470 and 670 cm�1 represent the ZnO stretch-
ing mode (Piticescu et al., 2006; Akdağ et al., 2016; Baghdadi et al.,
2020).

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 col-
lected at the same range 1.0 mm as shown (Fig. 4) also expressed
the pore like surface morphology and it was compared with previ-
ously published data (Kant et al., 2021).

3.4. Electrical analysis

The resistivity and conductivity study explained that an
increase in aluminium concentration (x = 0.00, 2.5, 7.5 and



Fig. 1. Graphical expression of pure and Al- doped ZnO-NPs.

Fig. 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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Fig. 3. FTIR spectrum of pure and aluminium doped ZnO-NPs.
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10.00 wt%) in ZnO as dopant material (Fig. 5) improved its conduc-
tivity (1.34 � 10�6 to 1.43 � 10�3 S/cm) while decreased resistivity
(5.46 � 105 to 6.99 � 102 O-cm). The variation in resistivity and
conductivity shows that Al substitution of Zn ions improves the
electrical properties of aluminium doped ZnO-NPs (Ahmad et al.,
2013). Aluminium-doped ZnO-NPs shows high conductivity and
low resistivity properties comparable to an expensive material
Indium tin oxide (ITO) (Bhugul and Choudhari, 2015), which shows
potential applications in electrical and optical devices.

3.5. UV–VIS analysis

The UV–visible spectra explained the absorbance band of Al-
doped ZnO-NPs in (Fig. 6). The spectra at 0, 2.5, 5.0, 7.5 and
3

10 wt% aluminium concentrations indicated that increased dopant
(Al) caused wavelength decrease which caused a spectrum shift
towards a 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).

3.6. Mathematical modeling analysis

The data was used to create mathematical modelling of conduc-
tivity against the increasing concentration of dopant agent. The
behavior of data is exponentially increasing which leads to the pro-
posal 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. Fig. 7 shows the proposed second order polynomial
for the mathematical model of the data of conductivity. The data
itself is also shown to evaluate the goodness of fit for the proposed
model.

Conductivity ¼ P1 � Dopping2 þ P2 � Dopping þ P3 ð2Þ



Fig. 4. SEM patterns (A) Pure zinc oxide-NPs (B) aluminium doped ZnO-NPs.

Fig. 5. Resistivity and conductivity of aluminium doped ZnO-NPs.
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Fig. 6. UV–VIS of aluminium doped ZnO-NPs.

Fig. 7. Data of conductivity (S/cm) as a function of doping concentration (wt.%). The
proposed mathematical model of 2nd order polynomial confirms the suitability of
the proposed model along with the extracted unknown parameters.
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4. Conclusions

The aluminium doped ZnO-NPs were synthesized via the 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 structure was identified by
SEM analysis and FTIR was used to calculate the different rota-
tional and vibrational modes attached on the spectrum of pure
and aluminium doped ZnO-NPs. The UV–VIS analysis was used to
observe 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 was also investigated by
applying mathematical modelling of second order polynomial
function. Finally, the prepared nanomaterials (aluminium doped
zinc oxide-NPs) were used in optoelectronics applications.

Declaration of Competing Interest

The authors declare that they have no known competing finan-
cial interests or personal relationships that could have appeared
to influence the work reported in this paper.

Acknowledgements

Researchers Supporting Project number (RSP-2021/397), King
Saud University, Riyadh, Saudi Arabia.

Appendix A. Supplementary data

Supplementary data to this article can be found online at
https://doi.org/10.1016/j.jksus.2021.101796.

References

Abutalib, M.M., Rajeh, A., 2020. Structural, thermal, optical and conductivity studies
of Co/ZnO nanoparticles doped CMC polymer for solid state battery
applications. Polym. Test. 91, 106803.

Ahmad, M., Ahmed, E., Zhang, Y., Khalid, N.R., Xu, J., Ullah, M., Hong, Z., 2013.
Preparation of highly efficient Al-doped ZnO photocatalyst by combustion
synthesis. Curr. Appl Phys. 13 (4), 697–704.
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