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Abstract
In the present study, undoped ZnO and co-doped Zn(0.99 − x)Fe0.01AlxO (x = 0.01, 0.03 and 0.05) were effectively prepared by 
the co-precipitation process. The structural, morphological, optical and electrical properties were investigated in order to 
explore the effect of concentration of co-doped Al on the physical properties of ZnO nanopowders. Besides, the structural 
analysis revealed the formation of the hexagonal wurtzite structure of all the powdered compositions. The crystallite size 
was found to decline with Fe and Al incorporation into ZnO crystal lattice. An additional peak attributed to the secondary 
phase Al was also noted for the Zn0.94Fe0.01Al0.05O sample. Moreover, the morphological study suggested the change in the 
morphology of ZnO nanoparticles at higher Al co-doping concentrations and proved the formation of the secondary phase 
Al for the Zn0.94Fe0.01Al0.05O composition. Concerning optical properties, the optical band gap energy was found to decline 
with increasing Al co-doping concentration. An increasing trend of the Urbach energy was noted due to Fe/Al co-doping. 
Furthermore, the electrical and dielectric characterizations were performed in the same range of frequency and tempera-
ture. The obtained results showed that the dielectric constant was gradually increased with the rise of Al concentration. The 
electrical conductivity of ZnO nanopowder samples was also enhanced under the incorporation of Al into the ZnO matrix. 
This contribution enhances the understanding of optical and electrical properties of Fe/Al co-doped ZnO nanopowders for 
optoelectronic applications.

Keywords  Fe/Al co-doped ZnO · Co-precipitation method · Structural analysis · Optical properties · Morphological 
properties · Electrical study

1  Introduction

Over the past few decades, several researchers have strongly 
focused their interest on the synthesis and the characteriza-
tion of transition metal oxide semiconductors thanks to their 
superior properties [1]. Such semiconductor materials were 
evaluated extensively and were well documented due to their 
distinguished performance and potential applications in dif-
ferent fields [2–11]. Particularly, zinc oxide nanostructures 
(ZnO) have recently attracted the immense attention from the 
scientific community worldwide because of their numerous 
advantages as compared to the others oxide materials. This 
transition metal oxide is characterized by the non-toxicity, 
abundant resources, inexpensive production, good thermal 
and chemical stability, high transparency in the visible range 
and valuable piezoelectric properties [1, 3]. Zinc oxide nano-
material is a II–VI semiconductor with a broad direct band 
gap of about 3.37 eV and a large exciton binding energy of 
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60 meV at room temperature. Generally, zinc oxide is crys-
tallized in hexagonal wurtzite structure which is considered 
as the most stable structure under the normal conditions [2, 
12]. Moreover, the outstanding properties of ZnO, like its 
broad direct band gap and electric polarization behavior, 
make it a potential candidate for dielectric materials. All 
these excellent characteristics allow a prevalent material 
to be used in various applications, namely, spintronic [13], 
solar energy [14] photocatalytic [15] and antibacterial activ-
ity [16]. Synthesis methods have drastic impact on the mate-
rial, and different methods have been adopted for the syn-
thesis of ZnO nanomaterials, such as co-precipitation [13], 
hydrothermal [14], sol–gel [16] and solid-state reaction [17]. 
Nevertheless, in comparison with other synthesized routes, 
the co-precipitation process is widely used owing to its sim-
plicity, low temperature, superior uniformity and homogene-
ity of the products, stability, less surface imperfection, rapid 
preparation and ease to control the shape and the size of the 
nanoparticles [5, 18]. Various successful approaches have 
been employed for modifying the structural, morphological, 
optical and electrical properties of ZnO nanostructures by 
co-doping with specific elements. Several researches have 
focused their interest on the change of physical character-
istics of ZnO by transition metal incorporation [19–21]. In 
this context, doping ZnO with transition metals can signifi-
cantly modify the morphology, particle size and the band 
gap energy by creating structural imperfections and defects 
in the lattice [19]. In addition, strong modification of elec-
trical and dielectric characteristics of ZnO was reported by 
doping with transition metal elements thanks to their specific 
shell structure [4]. Particularly, the effect of Fe incorporation 
into ZnO crystal lattice was widely studied [22, 23]. Specifi-
cally, the improvement of optical and electrical properties of 
ZnO nanopowders prepared by co-precipitation method was 
achieved in our previous works [4, 24]. Further, the effect of 
Fe concentration on the structural, vibrational and dielectric 
behaviors of ZnO nanomaterials was reported by Bouslama 
et al. [19]. Their examination revealed the semiconductor 
nature of the investigated samples and suggested that the 
dominant conduction mechanism is assured by the process 
of small polaron hopping (SPH). In their investigation, the 
non-Debye type of relaxation process and the existence of 
the short range mobility of charge carriers in the prepared 
compositions was also affirmed by the modulus analysis. 
Actually, the enhancement of electrical behavior of ZnO and 
iron doped ZnO nanostructures by co-doping effect is not 
well documented. Besides iron doping, group III elements 
(B, Al, Ga, In, etc.) provide a successful tool for developing 
optical and electrical characteristics of ZnO nanomateri-
als, which are extensively developed for photoelectrodes in 
photovoltaic and optoelectronic devices [12]. Especially, Al 
incorporation into ZnO host matrix is interesting thanks to 
its elevated electrical conductivity, small ionic radius and 

environmentally friendly matter. Several research teams 
studied the impact of simultaneous doping of Fe and Al on 
the structural, optical, morphological, photocatalytic and 
magnetic studies of ZnO nanostructures [25–27]. However, 
the electric and dielectric characteristics of Fe/Al co-doped 
ZnO nanopowdered compositions are less investigated 
compared to its other properties. The present investigation 
lies to check the effect of changing Al concentration on the 
various characteristics of ZnO nanomaterial prepared by the 
chemical co-precipitation approach. The enhancement of the 
optical and electrical characteristics of ZnO under Fe/Al co-
doping makes the obtained co-doped ZnO samples to be 
promising candidates for the use in optoelectronics. In this 
study, Fe/Al co-doped ZnO nanoparticles at fixed Fe dop-
ing concentration 1% and different Al co-doping concentra-
tions from 0 to 5% were synthesized by the co-precipitation 
method using ZnCl2·4H2O, FeCl3·6H2O and AlCl3·6H2O 
as precursors. The purpose is to explore the impact of Al 
addition and its co-doping concentration on the structural, 
vibrational, optical, morphological, dielectric and electrical 
characteristics of ZnO nanostructures.

2 � Experiments

2.1 � Nanopowder synthesis

Undoped ZnO and co-doped Zn(0.99 − x)Fe0.01AlxO (x = 0.01, 
0.03 and 0.05) nanoparticles were synthesized by the co-
precipitation approach.In this experiment, zinc chloride 
ZnCl2·4H2O (Sigma-Aldrich ≥ 99.995% purity), ferric chlo-
ride hexahydrate FeCl3.6H2O (Sigma-Aldrich ≥ 98% purity) 
and aluminum chloride tetrahydrate AlCl3·6H2O (Sigma-
Aldrich ≥ 98% purity) were used as starting precursor and 
doping precursors for iron and aluminum elements, respec-
tively. For synthesis of undoped ZnO, 3.35 g of ZnCl2·4H2O 
was dissolved in 100 ml of deionized water. This starting 
solution was continuously stirred for 15 min at room tem-
perature to get homogenous and stable mixture. Concerning 
the aqueous NaOH solution, it was separately prepared by 
dissolving 4 g of NaOH in 50 ml of deionized water through 
15 min under constant magnetic stirring. Then, it was added 
drop by drop into the starting (ZnCl2·4H2O) solution. After 
a complete mixture of (ZnCl2·4H2O) and NaOH solutions, 
magnetic stirring was continued for 3 h to obtain white gel. 
Subsequently, the obtained white precipitate was washed 
many times with deionized water and absolute ethanol 
(Sigma-Aldrich ≥ 99.9% purity). This step is necessary and 
it is repeated several times for the removal of any unreacted 
precursors. Afterwards, the formed gel was dried at 80 °C 
for 12 h and then calcined at 500 °C for 5 h. The same pro-
cedure was also adopted to synthesize Zn(0.99 − x)Fe0.01AlxO 
(x = 0.01, 0.03 and 0.05) nanopowdered samples.
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2.2 � Characterization techniques

The prepared compositions were characterized by various 
characterization techniques in order to explore the impact 
of simultaneous doping of Fe and Al on the different char-
acteristics of undoped ZnO nanostructures. Phase com-
position of the samples was verified by the utilization of 
a Bruker D8 Advanced X-ray diffractometer with CuKα 
radiation (α = 1.54056 Å). Fourier transformed infrared 
(FTIR) spectroscopy (Perkin Elmer-spectrometer) in the 
wavenumber range of 400–4000 cm−1 was used to inves-
tigate the vibrational properties. Concerning the optical 
characteristics, they were measured with a UV–vis spec-
trometer (SHIMADZU UV 3100S) in the wavelength 
range of 200–800 nm. The morphological properties of 
the nanoparticles were characterized by (high resolution) 
transmission electron microscopy (HRTEM) (Tecnai G2 
20 S-TWIN with a LaB6 filament) using an accelerating 
voltage of 200 kV. The electrical and dielectricbehaviors 
were studied by impedance spectroscopy in a wide fre-
quency range (40–107 Hz) by varying the applied tempera-
ture from 370 to 420 K with an Agilent 4294A analyzer.

3 � Results and discussion

3.1 � Structural properties

The crystal structure of the investigated compositions was 
examined by X-ray diffraction analysis. The powder XRD 
patterns of undoped ZnO and Fe/Al co-doped ZnO com-
positions are exhibited in Fig. 1.a. The structural charac-
terization indicates that all the powdered samples have 
the hexagonal wurtzite structure according to the standard 
JCPDS file (card no. 36–1451) [4]. The XRD patterns of 
the co-doped Zn0.94Fe0.01Al0.05O nanoparticles shows the 
appearance of low intensity foreign peak (marked with *), 
which is attributed to the (1 1 1) reticular plane of face-
centered-cubic Al metallic phase, according to JCPDS file 
04-0787 [28]. For exploring more information of the Fe/Al 
co–doping effect on the structural properties of undoped 
ZnO, the enlarged XRD patterns of the most major peaks 
are presented in Fig. 1b. A shift of the intense diffraction 
peaks was observed by introduction of Fe and Al dopants 
into the ZnO host lattice. The shift in the peak position 
with Fe and Al addition proved the successful substitu-
tion of these dopants in the ZnO host matrix. On the other 
hand, this shift indicates a change of the structural param-
eters by the Fe/Al co-doping.

The structural parameters of the different investigated 
compositions were evaluated using the expressions:

In these expressions, λ define the wavelength of the CuKα 
radiation (1.54056 Å) and � denotes the diffraction angle.

The determined values of the structural parameters for dif-
ferent compositions are gathered in Table 1. The lattice con-
stants as well the unit cell volume expose decreasing trend 

(1)a =
�

√

3sin�(100)

(2)c =
�

sin�(002)

(3)V =

√

3a2c

2

Fig. 1   a XRD patterns of undoped ZnO and co-doped Zn(0.99 − x)Fe0.01AlxO 
(x = 0.01, 0.03 and 0.05) compositions and b enlarged image of the more 
prominent diffraction peaks of all the experimented nanoparticles
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in the co-doped compositions as compared to undoped ZnO 
composition. The decreasing trend of the structural parameters 
can be explained by the smaller ionic radii of Fe3+ (0.064 nm) 
and Al3+ (0.054 nm) compared to Zn2+ (0.074 nm) [29]. The 
noted increase in the value of the structural parameters for the 
high doping concentration is possibly related to the Al sec-
ondary phase. Further, the structural parameters of co-doped 
samples demonstrate the efficient incorporation of Fe and Al in 
the ZnO lattice. The crystallite size in undoped and co-doped 
ZnO samples was determined using the Scherrer formula:

The dislocation density and the strain of the ZnO nanopow-
der samples were calculated by the following relations:

In these expressions, λ represents the X-ray wavelength of 
the CuKα radiation (1.54056 Å), β denotes the full width at 
half maximum and θ defines the diffraction angle.

The calculated values of the crystallite size, dislocation den-
sity and strain for the different compositions are tabulated in 
Table 1. A decrease in the crystallite size was obtained with the 
elevation of Al co-doping concentration. The decrease of the 
crystallite size through Fe/Al co-doping is accompanied by the 
strain increase. This result proves the rise of the structural imper-
fections/defects, as induced by Fe/Al co-doping. The crystallite 
size reduction in the co-doped samples reveals that Fe or Al 
doping elements inhibit the growth of ZnO nanocrystals. Similar 
result was obtained for Fe/Al co-doped nanorods prepared by 
the hydrothermal process [25]. The crystallite size reduction can 
be explained by several effects: (1) the increase in the structural 
imperfections or defects through the Fe/Al addition into ZnO 
matrix, (2) effect of Zener pinning and (3) secondary phase for-
mation which acts as grain growth inhibitor [4].

3.2 � Morphological properties

Transmission Electron Microscope (TEM) technique was 
applied to further investigate the morphology, crystallite size 

(4)D =
0.9�

�cos�

(5)� =
1

D2

(6)� =
�

4tan�

and shapes of the nanoparticles. The TEM micrographs of 
undoped and Fe/Al co-doped ZnO samples are presented 
in Fig. 2a–d. The morphology of undoped ZnO reveals the 
agglomeration of spherical nanoparticles with homogenous 
distribution. It is clearly noted from this image that the mor-
phology is significantly.

affected by the Al co-doping concentration.In fact, 
the TEM micrographs of Zn0.98Fe0.01Al0.01O and 
Zn0.96Fe0.01Al0.03O samples demonstrated that these co-
doping percentage of Al (1% and 3%) did not change the 
morphology of ZnO nanostructures. Moreover, the agglom-
eration augmentation and the diminution size of almost 
nanoparticles were clearly observed with increasing Al 
co-doping concentration. Moreover, the agglomeration 
augmentation and the diminution size of almost nanopar-
ticles were plainly observed with increasing Al co-doping 
concentration. The higher Al co-doping concentration alters 
the morphology of ZnO nanostructures. In fact, the morphol-
ogy of Zn0.94Fe0.01Al0.05O compositions reveals the forma-
tion of rod-like nanoparticles. In fact, the morphology of 
Zn0.94Fe0.01Al0.05O compositions reveals the formation of 
rods nanoparticles. The morphology change obtained for 
the higher Al co-doping concentrations is probably related 
to the presence of the secondary phase. The SAED pat-
terns of undoped and Zn0.94Fe0.01Al0.05O nanopowders is 
indexed in Fig. 2e–f, which indicate the good crystallinity 
of the samples. This measurement reveals the presence of 
some additional set of diffraction rings for the higher Al 
co-doping concentration. These supplementary diffraction 
rings are indexed to (111), (200), (220), (311) and (222) 
planes of the secondary phase Al. TEM analysis suggests 
the efficient incorporation of Fe and Al dopants into the 
ZnO crystal lattice.

3.3 � Vibrational properties

The Fourier transform infrared (FTIR) analysis was per-
formed aiming to explore the presence of the chemical 
bondings and functional groups in the as-synthesized nano-
powders. The FTIR spectra of undoped and co-doped ZnO 
compositions are depicted in Fig. 3. The characteristic mode 
corresponding to the stretching of Zn–O is located in the 
range of 520–560 cm−1 for all the powdered compositions, 
as seen in the first enlarged image [400–750 cm−1] [27]. 
This vibrational mode was observed for others compounds 

Table 1   Structural parameters 
of undoped ZnO, co-doped 
Zn0.98Fe0.01Al0.01O, 
Zn0.96Fe0.01Al0.03O 
and Zn0.94Fe0.01Al0.05O 
nanoparticles

Nanopowders a (Å) c(Å) V  (Å3) D(nm) � �
(

linenm
−2
)

ZnO 3.2518 5.2017 47.6347 45.21 0.0024 0.0004
Zn0.98Fe0.01Al0.01O 3.2416 5.1946 47.2703 36.48 0.0032 0.0007
Zn0.96Fe0.01Al0.03O 3.2423 5.1952 47.2962 28.63 0.0039 0.0012
Zn0.94Fe0.01Al0.05O 3.2437 5.1963 47.3471 23.07 0.0048 0.0018
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based ZnO [30–32]. This characteristic absorption band is 
moved to the higher wavenumber domain due to Fe/Alco-
doping. The slight shift of this vibrational mode is primarily 

associated to the difference in the bond lengths caused by 
the replacement of these investigated dopants Fe and Al for 
Zn in the ZnO crystal lattice [4]. The FTIR spectra of Fe/Al 

Fig. 2   TEM micrographs of undoped ZnO (a), co-doped Zn0.99Fe0.01Al0.01O (b), co-doped Zn0.96Fe0.01Al0.03O (c) and co-doped 
Zn0.94Fe0.01Al0.05O nanoparticles (d). e Presents the (SAED) of undoped and f presents the (SAED) of co-doped ZnO (Zn0.94Fe0.01Al0.05O)
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co-doped ZnO reveals a slight shift in the peak positions, 
which can probably be assigned to the small atomic masses 
of Fe and Al dopants as compared to that of Zn [18]. The 
peaks appeared in the range of 1300–1700 cm−1is attrib-
uted to the O–H–O bending vibration. Furthermore, the band 
located at 3500 cm−1 individual to the O–H stretching vibra-
tion [33–36]. These modes are presumably attributed to the 
amount of water absorbed on the samples surface emanating 
from the laboratory atmosphere [37]. It is trustworthy to note 
that the intensity of this band is found to increase under the 
Fe/Al co-doping. This result is related to the decrease of the 
crystallite size with the rise of Al concentration [38]. For the 
co-doped nanopowders, the different peaks, appeared in the 
wavenumber range of 900–1120 cm-1, are attributed to the 
vibration of Zn–Fe–O local bond and deficiency states [39]. 
The new vibrational mode corresponding to the vibration of 
Al-O-Zn is found around 680 cm−1, as seen in the second 
enlarged image [650–1200 cm−1] [28]. Indeed, the presence 
of these particular modes (Zn–Fe–O and Al–O–Zn) proves 
the successful substitution of Zn2+ ions by Fe3+ and Al3+ 
ions into the ZnO lattice structure.

3.4 � Optical properties

UV–Vis spectroscopy was applied in order to determinate 
the optical properties of undoped and Fe/Al co-doped ZnO 
samples. The UV–Vis absorption spectra are shown in 
Fig. 4.

The absorbance in metal oxide nanostructures depends 
on various factors, such as band gap energy, nanoparticle 
size, oxygen vacancies, impurity centers and deformities or 
defects present in the grain structure [4]. A strong absorption 

peak around 385 nm was observed for all the powdered sam-
ples. In fact, the absorption peak located in the ultraviolet 
wavenumber range characterized the intrinsic absorption of 
ZnO nanostructures emerging from direct electronic tran-
sition (O2p to Zn3d) [4]. Further, some additional peaks in 
the visible wavenumber range, appeared precisely around 
550 and 575 nm, were observed in the spectra of co-doped 
ZnO compositions. These peaks were attributed to the d-d 
transitions of Fe3+ ions [40]. A slight shift of these supple-
mentary peaks with a diminution of intensity was noted with 
increasing Al co-doping concentration. These results prove 
the successful incorporation of Fe and Al dopants elements 
into the ZnO lattice crystal. Moreover, the absorbance of 
the prepared compositions in the visible wavenumber range 
rises with the increase of Al concentration. This effect is 
mostly attributed to the increase of the structural imperfec-
tions and defects created by co-doping [1]. Furthermore, 
the change in the absorption edge position along with the 
impurity addition in the ZnO host matrix indicates the band 
structure variation.

The optical band gap energy 
(

Eg

)

 is a fundamental param-
eter to figure out the utilization of semiconductors oxide 
materials in optoelectronic fields. The optical band gap 
energy of each composition was determined with the help 
of Tauc model:

In this model, � designates the optical absorption coef-
ficient, A is a characteristic of the studied material and (hv) 
signifies the photon energy. The optical band gap energy is 
obtained by extrapolating the vertical linear part of (�hv)2 
versus (hv) , as shown in Fig. 5.

The deduced values for different compositions are 
depicted in Table 2. Co-doping with Fe and Al grounds a 

(7)(�hv)2 = A
(

Eg − hv
)

Fig. 3   FTIR spectra of undoped ZnO and co-doped Zn(0.99 − x)Fe0.01AlxO  
(x = 0.01, 0.03 and 0.05) compositions
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Fig. 4   Absorption spectra of undoped ZnO, Zn0.98Fe0.01Al0.01O, 
Zn0.96Fe0.01Al0.03O and Zn0.94Fe0.01Al0.05O nanoparticles
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prominent change of the optical band gap energy of ZnO 
nanostructures. The results show that the optical band 
gap energy decreased with Al co-doping concentration 
increase. The reduction of the optical properties obtained 
with increasing Al concentration can be interpreted by dif-
ferent effects. In fact, this diminution is likely to be related 
to the increase density of structural defects and imperfec-
tions or impurity states determined by DRX analysis [1, 
2]. Consequently, such impurity band development create 
rise to new donor electronic states located just below ZnO 
conduction band due to hybridization of Al element in 
ZnO host matrix [25]. Second, the augmentation of the 
charge carrier concentration can be also another reason 
for the narrowing of the optical band gap energy obtained 
under Fe/Al co-doping effect [4]. The reduction in opti-
cal band gap energy may also be related to the formation 

of the secondary phase at high Al concentrations [41]. 
In addition, the decrease of the optical band gap energy 
values is attributable to the s, p–d exchange interaction 
between the band electrons and the localized d electrons 

Fig. 5   Plots (�hv)2 versus photon energy (hv) for undoped ZnO and co-doped Zn(0.99 − x)Fe0.01AlxO (x = 0.01, 0.03 and 0.05) compositions

Table 2   Calculated values of band gap energy 
(

Eg

)

 and Urbach 
energy 

(

Eu

)

 of undoped ZnO, co-doped Zn0.98Fe0.01Al0.01O, 
Zn0.96Fe0.01Al0.03O and Zn0.94Fe0.01Al0.05O nanoparticles

Nanopowders Eg(eV) Eu(eV)

ZnO 3.046 0.102
Zn0.98Fe0.01Al0.01O 3.028 0.849
Zn0.96Fe0.01Al0.03O 3.017 0.907
Zn0.94 Fe0.01Al0.05O 3.001 0.987
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of the substituted co-doping elements [4]. These values 
are smaller than that obtained for others materials [42–44].

For more understanding the band structure of semi-
conducting oxide materials, it would be comprehensive to 
pursue the band tailings in the adjacent of bands. Urbach 
energy 

(

Eu

)

 is an important parameter which measure the 
numerous disorders exist in the studied material [45].

The Urbach energy of undoped and Fe/Al co-doped 
ZnO at different concentration were correlated as the fol-
lowing expressions:

Figure 6 representsthe variation of ln(�) versus (hv) . The 
Eu values obtained for different compositions are reported 
in Table  2. This result confirms that Fe/Al co-doping 
increased the formation of imperfections and defects in the 
crystal lattice of ZnO. The highest value of Urbach energy 
obtained for Zn0.94Fe0.01Al0.05O indicates the formation of 
more interbands in between conduction and valence bands. 
As obviously seen in Fig. 7, the variation of the Urbach 
energy as a function of Al concentration was strongly cor-
relates with structural disorder. This result confirms that 
Fe/Al co-doping effect increased the formation of more 
imperfections and defects in the lattice crystal of ZnO.

3.5 � Impedance spectroscopy

For more comprehension the impact of Fe and Al co-dop-
ing effect on the electrical and dielectric properties of ZnO 
nanopowders: complex impedance, electric modulus, Ac 

(8)ln(�) = ln
(

�
0

)

+
hv

Eu

conductivity, complex dielectric constant and loss tangent 
were investigated in our study.

3.5.1 � Electrical properties

3.5.1.1  Impedance spectra  The complex impedance spec-
troscopy is a perfect technique to explore the electrical prop-
erties of the investigated compounds. This method is based 
on analyzing the response of a perturbed system to an exter-
nal electromagnetic excitation over a wide range of tem-
perature and frequency. The Nyquist plots of undoped ZnO 
composition measured in temperature range [370–420  K] 
are depicted in Fig.  8. The same behavior was obtained 
for the others Fe/Alco-doped ZnO samples. The obtained 
spectra reveal the appearance of semicircular arcs, which 
diameter gradually decreases with the temperature increase. 
This result proves the semiconducting comportment of the 
studied composition [24, 46]. In addition, the center of these 
observed arcs is found to shift towards the lower resistance 
value with augmenting the operated temperature. Their 
centers are localized below the real part of the impedance, 
suggesting the non- Debye type of relaxation behavior in 
the studied composition [47, 48]. The comparative Nyquist 
plots of the different samples at selected temperature 380 K 
is presented in the inset of Fig. 8. It is clearly noted from 
this variation that the impedance is found to decline with 
increasing Al co-doping concentration in ZnO nanopow-
ders.

The variation of the real part Z′ of complex impedance for 
undoped ZnO composition is disclosed in Fig. 9. This vari-
ation indicates that the value of Z′ decreases gradually with 
increasing frequency and then becomes nearly invariable in 
higher frequency range.

The decrease of Z′ value with augmenting the frequency 
and operated temperature affirms the semiconducting 

Fig. 6   Plots ln(�) versus photon energy (hv) for undoped ZnO and  
co-doped Zn(0.99 − x)Fe0.01AlxO (x = 0.01, 0.03 and 0.05) compositions

Fig. 7   Variation of Urbach energy and dislocation density as a func-
tion of compositions
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behaivor of the studied samples [49]. It is clearly noted 
from this variation that the value of Z′ emerges for all the 
operated temperature at higher frequencies. This observa-
tion is due to the release of space charge because of the 
reducing in the barrier properties [50, 51]. The magni-
tude of the real part of the complex impedance is found to 
decrease with the increase in Al concentration in ZnO, as 
obviously observed in the inset of Fig. 9.

The frequency dependance of the imaginary part Z′′ 
of complex impedance for undoped ZnO at different tem-
peratures is presented in Fig. 10. The obtained spectra 

reveal the appearance of a single maximum peak Z��
max

 at 
particular frequency fmax defined the relaxation frequency.

The comparative evolution for the different compositions, 
presented in the inset of Fig. 10, shows that the magnitude 
decreases with augmenting Al co-doping concentration. This 
result is related by the decrement of the resistive part of the 
prepared compositions [24].

3.5.1.2  Frequency and temperature dependance of AC con-
ductivity  The electrical conductivity of undoped and co-
doped ZnO nanopowder was evaluated using the expression 
that follows [24]:

where s designates the cross-sectional area of the deposited 
electrode and e denotes the pellet thickness.

The evolution of electrical conductivity as a function 
of frequency at selected temperatures in the undoped ZnO 
sample is displayed in Fig. 11. Similar behavior was also 
obtained for the co-doped ZnO compositions. This evolution 
reveals that the electrical conductivity drastically increases 
with the rise in frequency and operated temperature. The 
augmentation of the electrical conductivity with frequency 
is predominantly due to the increment in electron migration 
[52]. The elevation of the conductivity is probably assigned 
to the variable range-hopping mechanism of conduction 
[53]. The gradual increment of electrical conductivity 
with frequency could be understood in the light of Max-
well–Wagner model for the homogenous double structure. 

(9)�tot =
e

s
×

Z
�

Z
�2 + Z

��2

Fig. 8   Complex impedance spectra (Nyquist plot) of undoped ZnO 
nanoparticles at different temperatures. The inset presents the com-
parative Cole–Cole plots of all the experimented nanoparticles at 
380 K

Fig. 9   Variation of real part of the impedance Z′ with frequency at 
various temperatures for undoped ZnO nanoparticles. The inset pre-
sents the comparative variation of real part of the impedance Z′ of all 
the experimented nanoparticles at 380 K

Fig. 10   Variation of imaginary part of the impedance Z′ ′ along with 
frequency at various temperatures for undoped ZnO nanoparticles. 
The inset presents the comparative variation of imaginary part of the 
impedance Z′ ′ of all the experimented nanoparticles at 380 K
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In fact, the interfaces behave as a poorly conducting obstruc-
tion because of the development of microstructural defects 
which constrains the jumping frequency of free carriers [12]. 
Consequently, the free charge carriers behave like particles 
in a box [54].

At lower frequency region, the nominal increase in con-
ductivity is due to the few charge carriers that cross the 
potential barrier. This movement produces a feeble rise con-
ductivity [55]. With increasing the electric field frequency, 
the charge carriers get sufficient energy to cross the potential 
barrier resulting in electrical conductivity increase.

The comparative evolution of the electrical conductivity 
for the different compositions at fixed temperature is pre-
sented in the inset of Fig. 11. This evolution reveals that Fe/
Al co-doping effect improves the electrical conductivity of 
ZnO nanopowders. This augmentation was mostly attrib-
uted to the rise concentration of charge carriers induced 
by the Al addition into ZnO crystal lattice [56]. The incre-
ment of the electrical conductivity was due to the decrease 
in hopping length as a result of Fe/Al co-doping in ZnO 
host matrix [57]. Further, the elevated value of the electri-
cal conductivity obtained for the higher Al concentration 
was probably related to the existence of the secondary phase 
detected by DRX analysis. Similar result was also reported 
by other research work [58]. These obtained findings demon-
strate that the co-doped ZnO nanopowders could be potential 
candidates for high-energy storage devices.

3.5.2 � Dielectric properties

3.5.2.1  Dielectric constant  Generally, the response of any 
dielectric material is determined by numerous aspects such 

as applied electric field frequency, structural imperfections 
or defects, morphology and size of the grains and chemical 
defects etc. The dielectric response is defined by the follow-
ing expressions:

In these relations, �′ and �′′ represent the real and the 
imaginary parts of the dielectric constant, which designates 
the stored and dissipated energy, respectively. C

0
 symbolizes 

the vacuum capacitance of the cell.
Several factors can strongly influence the dielectric 

characteristics, like frequency of external electric field, 
sintering temperature, microstructure, defect’s concentra-
tion (oxygen vacancies and zinc interstitials), type of cation 
substitution, etc. [31]. The frequency dependence of the 
dielectric constant for the undoped ZnO composition at sev-
eral temperatures is depicted in Fig. 12. The same behav-
ior was also obtained for the co-doped Zn0.98Fe0.01Al0.01O, 
Zn0.96Fe0.01Al0.03O and Zn0.94Fe0.01Al0.05O samples. This 
variation reveals that the dielectric constant is strongly 
affected by the operated temperature and frequency of the 
electrical field. In fact, its value is found to decline with 
frequency and rise with temperature. This type of evolution 
could be understood in the light of the dielectric relaxation 

(10)�∗ = �
�

+ j�
��

(11)�
�

=
Z
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�C
0
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Fig. 11   Variation of AC conductivity along with frequency at vari-
ous temperatures for undoped ZnO nanoparticles. The inset presents 
the comparative variation of AC conductivity of all the experimented 
nanoparticles at 380 K

Fig. 12   Variation of dielectric constant along with frequency at vari-
ous temperatures for undoped ZnO nanoparticles. The inset presents 
the comparative variation of dielectric constant of all the experi-
mented nanoparticles at 380 K
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phenomenon inside dielectric oxide nanomaterials. The 
Koop phenomenological theory and Maxwell–Wagner inter-
facial model can be used to explain the observed dispersion 
of the dielectric constant for our investigated compositions 
[30, 59–61]. In this theory, the dielectric material has a 
homogeneous double structure. In fact, the highly conduct-
ing grains are separated by the highly resistive grain bound-
aries. In applied electric field, carriers can migrate over 
the grain bulk and are accumulated at the insulating grain 
boundaries [62]. This process involves large polarization 
characterized by an elevated value of dielectric constant at 
the lower frequency domain. Moreover, the augmented value 
of �′ is correlated to the collective contribution of all type of 
polarization like ionic, electronic, interfacial and dipolar [46, 
58]. At higher frequencies, two type of polarizations (ori-
entational and space charge polarizations) are vanished and 
only electronic and ionic polarizations are active resulting 
in small value of �′ [58]. In addition, some different aspects 
can be interpreted the higher value of the dielectric constant 
at low frequencies such as: (1) the lower conductivity on the 
surface of grain, (2) the ionic polarization and (3) the effect 
of oxygen vacancies, grain boundary defects and dangling 
bond [12]. Furthermore, the decrease of dielectric constant 
with frequency increase is strongly combine with the polar-
izability loss of some species. In fact, the carrier hopping is 
incapable to pursue the fast variation of the external electric 
field at elevated frequencies [19]. Whereas, the increase of 
dielectric constant with temperature is attributed to the ther-
mal motion of molecules. The comparative variation of the 
dielectric constant of all samples is presented in the inset 
of Fig. 12. It is still noticeable that the value of �′ increases 
gradually with the increase of Al concentration. This figure 
proves that Al addition improves the dielectric constant of 
ZnO nanopowders. The improvement of dielectric constant 
of ZnO with Fe/Al co-doping can be understood in the light 
of numerous factors: first, Al incorporation into ZnO crys-
tal lattice introduces new charge carriers into the co-doped 
compound [63]. Second, the reduction in crystalline size, 
noted under Fe and Al addition, can be other effect that con-
tributes to the �′ increment. Similar result was also obtained 
by others works [64, 65]. Third, the enhancement of dielec-
tric constant with Fe/Al co-doping can be attributed to the 
large dielectric polarizability of Fe and Al ions compared 
with Zn ions [66].

3.5.2.2  Dielectric loss  Frequency dependence of the dielec-
tric loss 

(

tan� =
�
��

�
�

)

 of undoped ZnO sample at selected 
temperatures is presented in Fig. 13. Similar evolution was 
also obtained for the co-doped Zn0.98Fe0.01Al0.01O, 
Zn0.96Fe0.01Al0.03O and Zn0.94Fe0.01Al0.05O samples. As obvi-

ously observed in the inset of Fig.  13, the dielectric loss 
decreases continuously with frequency indicating the usual 
dispersion behavior. At lower frequency domain, the aug-
mented value of dielectric loss is related to the impurityintro-
duction, crystal defects and moisture existed in the studied 
samples [12]. Further, the inflated value of the dielectric loss 
noted at lower frequencies and higher operated temperature is 
due to the space charge polarization. The Shockley–Read 
mechanism can be used to interpret this effect [65]. In fact, 
the capturing of surface electrons by the impurity ion intro-
duced in the bulk crystal matrices is the source of the space 
charge polarization responsible for the elevated value at lower 
frequencies and at higher temperatures [67]. This process 
rises with the elevation of temperature, which tends to aug-
ment the value of the dielectric loss. In addition, another 
aspect that contribute to the highest value of the dielectric 
loss at higher temperatures is probably due to conduction 
loss. In fact, the movement of ions over large distance led to 
loss of electric energy as amount of their energy are converted 
to the lattice as heat energy. With temperature rise, the con-
duction loss becomes higher due to the rise of the ion mobil-
ity. This effect introduces the increase of the dielectric loss at 
higher temperatures [46]. The comparative variation of the 
dielectric loss for the different compositions at fixed tempera-
ture 380 K is presented in the inset of Fig. 13. The increment 
of the dielectric loss with Fe/Al incorporation into ZnO crys-
tal lattice is associated to the increase of the defect’s concen-
tration (oxygen vacancies and zinc interstitials) presented in 
the co-doped compositions [24].

Fig. 13   Variation of dielectric loss along with frequency at various 
temperatures for undoped ZnO nanoparticles. The inset present the 
comparative variation of dielectric loss of all the experimented nano-
particles at 380 K
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3.5.3 � Modulus analysis

Actually, the electrical modulus formalism is extensively 
applied for investigating the electrical relaxation phe-
nomena. This analysis provides insights to the conduc-
tion mechanism and relaxation processes by eliminating 
the effect of electrode polarization in the lower frequency 
range. To study the type of the conduction processes 
(localized or non-localized), the comparison of modulus 
and impedance data of the prepared compositions are pre-
sented in Fig. 14. This figure reveals that Fe/Al co-doping 
effect did not change the non-Debye behavior and sug-
gests the presence of a short-range movement of charge 
carriers of ZnO powdered compositions [68]. As seen 
in Fig. 15, the comparative variation of M′′ at selected 
temperature 380  K reveals that the magnitude of the 
maximum peak was significantly affected by Fe and Al 
addition into ZnO host matrix and the peak position was 
moved towards the higher frequency. This result combines 

Fig. 14   Frequency dependence of normalized peaks M� �

∕M
� �

max
 and Z� �

∕Z
� �

max
 of undoped ZnO (a) and co-doped Zn(0.99 − x)Fe0.01AlxO [x = 0.01 

(b), 0.03 (c) and 0.05 (d)] compositions

Fig. 15   Variation of imaginary part of the modulus M′ ′ along with 
frequency at various temperatures for all the compositions
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strongly with the microstructure development and also to 
the existence of a distribution of relaxation time.

4 � Conclusion

The undoped and Fe/Al co-doped ZnO nanopowder sam-
ples at different Al co-doping concentrations (1, 3 and 5%) 
were efficiently synthesized through the co-precipitation 
method. The structural, vibrational, optical, morphologi-
cal, electrical and dielectric properties of the ZnO-based 
compounds were well investigated through various com-
plementary characterizations. The structural analysis 
revealed that the Fe/Al co-doping in ZnO crystal lattice 
did not change the hexagonal structure of the matrix. 
The FTIR analysis showed the presence of Zn–Fe–O and 
Al–O–Zn vibrational modes for the co-doped ZnO compo-
sitions, affirming the successful incorporation of dopants 
elements into ZnO host matrix.

The morphological study suggested that the morphol-
ogy of ZnO was strongly influenced by the Al co-doping 
concentration. This measurement revealed the formation 
of spherical nanoparticles for undoped ZnO nanostructures 
and their average size was clearly reduced by the introduc-
tion of Al ions. Whereas, the morphology changed to rod 
shapes at higher Al co-doping concentrations. Further, the 
optical study showed the presence of additional absorp-
tion peaks in the visible range corresponding to the d–d 
transition of Fe3+ ions in the co-doped ZnO compositions. 
These absorption peaks moved towards higher wavenum-
bers with increasing the Al co-doping concentration. The 
absorption measurements demonstrated that the band gap 
energy gradually decreased with increasing Al co-doping 
concentration. The Urbach energy was found to increase 
under the Fe/Al co-doping effect. Moreover, the electri-
cal properties proved the semiconducting comportment of 
all the powdered samples. The electrical conductivity was 
found to increase under Fe and Al introduction into ZnO 
lattice structure thanks to Al element. The improvement 
of the optical and electrical properties obtained for the Fe/
Al co-doped ZnO compositions make them suitable for 
optoelectronic devices.
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