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Abstract

Undoped ZnO and Zngo7xAlo.osMnO (x = 0, 1, 2 and 3%) nanopowders (NPs) were
synthesized by co-precipitation method. They were characterized by X-ray diffraction (XRD),
Fourier transformed infrared (FTIR), Raman, UV-visible, photoluminescence (PL) and
impedance spectroscopies. All samples exhibit a single phase wurtzite type. The average
crystallite size lying between 22 and 42 nm was found to increase for all doped ZnO samples.
The optical transmission in the visible region was improved due to doping. The optical band
gap is in the range of 3-3.4 eV and was found to decrease up to 2% of Mn content but slightly
increases with further doping. All PL spectra exhibit two emission peaks in UV and visible
regions. The deconvolution of the visible emission peak reveals different emissions for all
samples. An additional yellow emission is noticed for (Al+Mn) ZnO doped samples
suggesting that the incorporation of aluminum and manganese in the zinc oxide host lattice
enhances luminescence properties of ZnO. The ac conductivity (g,.) was found to follow

Jonscher’s power law and was improved with doping. Cole-Cole plots of all samples were
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suitably fitted to a circuit consisting in a parallel combination of a resistance and a constant
phase element (CPE).

Keywords: ZnO nanopowder, doping, XRD, optical properties, conductivity.

1. Introduction

The zinc oxide (ZnO) has received considerable attention from researchers owing to its
interesting properties and numerous applications. It shows a large band gap (3.37 ¢V) and an
elevated exciton binding energy (60 meV) at room temperature [1], a high piezoelectric
constant [2] and high chemical stability [3]. Its interesting properties make it a promising
material for a wide range of applications such as ultraviolet light-emitting diodes,
photodetectors, solar cells, spintronic devices, biological sensors and photo catalysts [3,4,
5,6].

Different methods have been used to synthesize ZnO nanostructures like co-precipitation
method [7], spray pyrolysis technique [8], sol-gel method [9], pulsed laser deposition [10],
hydrothermal method [11,12,13,14], solid state reaction technique [15] and wet chemical
method [16]. The co-precipitation method which is a simple, low cost and effective
synthesized method was used in the present work for synthesizing undoped and doped ZnO
nanopowders.

Doping can be an efficient means for improving physical properties, especially optical and
electrical ones or tuning them to suit specific needs and applications. For example, the optical
and electrical properties of ZnO can be improved upon doping with Group III elements such
as Aluminum (Al), Gallium (Ga) and Indium (In) [17]. Li et al. [18] have reported that the
incorporation of aluminium in ZnO can significantly enhance its dielectric constant. It was

found that the electrical conductivity of ZnO can be proved by Al doping [19]. Transition



metal (TM) doped ZnO nanoparticles are promising candidates for a variety of applications.
Among the TM dopants, manganese (Mn) is a suitable one for the incorporation into the ZnO
lattice due to its high solubility with respect to ZnO [20]. Several researches have dealt with
the study of manganese doping effects on different properties of ZnO [21-23]. Hence there are
researches reported on properties of Al and Mn doped ZnO nanostructures. However, to the
our knowledge there is no published paper devoted to structural, optical and dielectric
properties of (Al+Mn) doped ZnO nanopowders synthesized by the co-precipitation method.
In this study, undoped, Al and (Al+Mn) doped ZnO nanopowders were elaborated using the
co-precipitation process. The effects of doping on structural, optical, dielectric and conducting
properties of ZnO nanopowders were studied in detail.

2. Experimental

2.1. Nanopowders synthesis

Undoped ZnO and Zni-xAlo.03MnxO (x = 0.00 (AIMnZ0), 0.01 (AIMnZ1), 0.02 (AIMnZ2) and
0.03 (AIMnZ3)) nanopowders have been elaborated through the chemical co-precipitation
process. The host precursor is zinc chloride tetrahydrate (ZnCl2.4H>0) while the doping ones
are manganese chloride hexahydrate (MnCl..6H20] and aluminium chloride tetrahydrate
(AlCI3.4H20). For synthesizing the undoped ZnO nanopowder, an appropriate amount of
ZnCl> was dissolved in a mixture of distilled water and absolute ethanol at room temperature
under a magnetic stirring for 30 min. Then, aqueous NaOH solution was added drop by drop
to the starting solution until the pH reached the value 10. The obtained solution was
magnetically stirred for 90 min and the precipitation occurred. The precipitate was separated
from the solution by filtration and washed several times with distilled water. Afterwards, it
was oven-dried for 15 h at 120°C. The resulting powder was then calcined for 4 hours at
500°C. All samples were synthesized using the same process.

2.2. Experimental techniques



Crystal structures of undoped, Al and (Al+Mn) doped ZnO nanopwders were analyzed by
means of Bruker D8 Advanced X-ray diffractometer with Cu Ka radiation (1 = 1.54056 A)
for 2@ varying from 20 to 75°. Fourier transformed infrared (FTIR) analysis was carried out

I, Raman

using Perkin Elmer—spectrometer in the wavenumber range of 4000-400 cm”
scattering spectral measurements were performed in the range of 50-900 cm™ by means of a
T-64000 Raman spectrometer (Horiba-Jobin-Yvon) using the 514.5 nm radiation of an Ar/Kr
laser as excitation. Optical absorbance and transmittance measurements were performed with
an UV-VIS spectrophotometer (optizen POP) in the 200-1000 nm wavelength range. The
photoluminescence spectra were recorded at room temperature in a wavelength range of 300-
750 nm using a Perkin Elmer LS-55 fluorescence spectrometer with a 325 nm wavelength
excitation. Impedance measurements were performed on a Solartron SI1260 Impedance Gain-
Phase analyzer in the frequency range of 50 Hz-5 MHz. All measurements were performed at
room temperature.

3. Results and discussion

3.1. Powder X-ray diffraction

X-ray diffractogram of undoped, Al and (Al+Mn) doped ZnO nanopowders are depicted in
Fig. 1. All diffraction peaks are indexed to the ZnO wurtzite structure according to the
standard data (JCPDS card No. 36-1451). As no secondary or impurity phases were revealed,
it is suggested that Mn?* and AI** ions were substituted into Zn* ion sites or incorporated into
interstitial sites in the lattice without altering the hexagonal wurtzite structure of ZnO [24].

The lattice parameters (a,c) and the volume of unit cell (v) of all samples were calculated

using the following formulae [3,25]:
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where A is the wavelength of the CuKa radiation (1.54056 A) and 6 is the Bragg angle. The
values of the structural parameters are listed in table 1. The ‘c’ value of undoped ZnO sample
is smaller than the standard value (5.2066 A), which may be due to the presence of oxygen
vacancies [20]. As shown in table 1, a and ¢ parameters are doping dependent. Indeed, the
defects generated by the foreign atoms as well as the difference in ionic radii of the dopants
compared to those of the substituted matrix, influence the semiconductor lattice parameters
[26]. The increment of lattice parameters (a,c) under aluminium doping effect can be
interpreted by the incorporation of AI** ions into interstitial positions in the host lattice as it
has been previously reported [27,28]. The addition of Mn content increases a and c
parameters as a result of the substitution of Zn>** ions with radii of 0.74 A by Mn?** ones with
higher radii (0.83 A) [2,29]. The gradual substitution of Zn** ions by Mn?* ones is likely the
cause of the lattice parameters increment with increasing Mn content up to 2%.

The Zn—O bond length (l) was determined for all samples using this relation [2]:

— |2 LA 2,2
l = J . + (2 u)?c “)
where u is a positional parameter given by [26]:
a2
u= = +025 ®)

The observed increase of Zn—O bond length for Al and (Al+Mn) doped ZnO NPs (table 1)
confirms the incorporation of dopant ions in the zinc oxide host lattice [26].

The micro-strain (&,) along the c-axis was calculated using the following formula [3]:

(6)

where ¢ and ¢y(5.2066 A) are the calculated and standard lattice constant parameters

respectively [30].



The calculated ¢, values are given in table 1. It is remarkable that the micro-strain was found
to be compressive for undoped and Al doped ZnO samples. The (Al+Mn) doping causes a
changeover from compressive strain to tensile one. The &, magnitude increases with
increasing Mn content until 2% and decreases for 3%. This may be due to the fact that the
incorporated dopant ions are trapped in non-equilibrium positions initially up to a certain Mn
content (here it is 2%) and with further doping content, Mn** ions could have shifted to
equilibrium positions, which could release the tensile strain [3].

The texture coefficient (TCpypy) values which correspond to the prominent diffraction peaks

were determined from the X-ray data using this relation [31,32]:

TC(hkl) _ I(nkyy/To(nki) %)
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where Ipgpy is the measured XRD peak intensity, Ik is the standard intensity
corresponding to the same plane, taken from the JCPDS data card No. 36-1451 and N is the
number of the considered diffraction peaks. TC(py) variations versus composition are
displayed in Fig. 2. It is evident from this figure that Al and (Al+Mn) doping induce a change
in the preferential crystalline orientation from the one along (002) plane to the other along
(100) plane whose predominance degree decreases with increasing Mn content. The change in
the type of strain as well as its magnitude may be the main reason for the variation in the
orientation of crystallites as reported by Snega et al. [31].

The average crystallite size (D) and the micro-strain (¢) were determined according to the

Williamson-Hall (W-H) model [33]:
[cosO = KFA+ 4 £sinf (8)
where S is the full width at half maximum (FWHM) of the peak, 0 is the Bragg's diffraction

angle, K is the shape factor (K = 0.9), 4 is the wavelength X-ray diffraction (1 = 1.54056 A

for CuKa radiation).



The X-ray diffraction peak broadening is due to both instrumental and sample related effects.
Before estimating the crystallite size and lattice strain, it is necessary to correct the
instrumental effect. The instrumental corrected broadening f of each diffraction peak is

estimated using the following relation [25]:

— 2 2
ﬁ - \/ﬁmeasured - :Binstrumental (9)

where Sneasurea 1S the measured broadening while By strumentar 1S the broadening due to the
instrumental contribution.

The plots of fcos@ versus 4sinf for undoped, Al and (Al+Mn) doped ZnO samples (Fig. 3)
were fitted according to equation (8). For each sample, the average crystallite size (D) was
estimated from the y-intercept of the corresponding linear fit extrapolation and the strain (&)
is given by the slope of this fit. The dislocation density (§) was calculated for all samples by

the following formula [34]:
§== (10)

Values of D, € and § are gathered in table 1. Their variations as a function of composition are
presented in Fig. 4. As shown in this figure, the average crystallite size for all doped NPs is
larger than that for undoped one, which indicates the improvement of crystalline quality. It
increases with the rise in Mn content until 2% and decreases for 3%. The D increment can be
related to the expansion of lattice volume due to the increase of bond length [2] while its
decrease may be linked to the Zener pinning [35]. Indeed, for 3% of Mn content, the retarding
force generated by lattice defects may be higher than the driving one causing the outward
movement of the grain boundaries, therefore the particles cannot grow any longer [36]. The
dependence of the strain and the dislocation density upon composition (Fig. 4) shows that all

doped samples have lower € and § values as compared to undoped ZnO sample. This finding



confirms the improvement of crystalline quality due to doping. According to the D, € and §
value variations (Fig. 4), the AIMnZ2 nanopowder presents the better crystalline quality.

3.2. Morphological analysis

The surface morphologies of undoped, Al and (Al+Mn) doped ZnO nanopowders were shown
in Fig. 5 (a-d). The SEM micrographs reveal the presence of a large aggregate of smaller
spherical nanoparticles. The particle size increased with the increase in Mn content. This is
consistent with the crystallite size obtained from XRD patterns. From these images, it is
observed that undoped sample consists of irregularly shaped and loosely packed particles with
the average particle size in the range of 30-40 nm. The particle size increases drastically
when the dopants are added (80-125 nm). Agglomerated spherical crystallites are observed in

all the Mn doped samples.

3.3. Fourier transformed infrared (FTIR) analysis

The chemical structures of undoped, Al and (Al+Mn) doped ZnO nanopowders were
examined by Fourier transformed infrared spectroscopy. FTIR spectra of all samples are
depicted in Fig. 6. The band appearing around 3500 cm™ is characteristic of O—H stretching
vibration [37,38] while the other one observed around 1620 cm™ is assigned to H-O-H
bending vibration [39]. These bands arise from a small amount of H>O existing on the surface
of ZnO nanocrystalline, which may be due to moisture [39,40]. For all doped ZnO samples,
the v(O—H) band intensity was increased and the shoulders (around 3560 cm™ and 3450 cm™)
become more pronounced as compared to undoped ZnO sample. This finding suggests the
increase of hydroxyl groups amount due to increased water adsorption resulting from the
increase in the content of surface defects [41]. Indeed, for metal oxides, the concentration of
hydroxyl groups reflects the concentration of surface defects particularly anion vacancies

[42]. The hydroxyl groups with negative charges are attached to the surface defects having



positive charges like oxygen vacancies in metal oxides. Consequently, the concentration of
surface defects can be indirectly inferred from the intensities of stretching vibrations of
hydroxyl groups [42]. The band appearing around 496 cm™! on IR spectrum of undoped ZnO
sample is ascribed to stretching mode of Zn—O bonding [31,43]. It was found to be shifted
towards higher wave number side for all ZnO doped NPs. The change in the vibrational
frequency can be due to the perturbation of Zn-O bonding and the difference in the bond
lengths as a result of the incorporation of dopants ions in the ZnO host lattice [3,40,44,45].
3.4. Raman analysis

Raman spectroscopy is an effective technique for detecting the incorporation of dopants,
defects and disorder in a host lattice [26,46]. Raman scattering experiments were performed
on all samples to reveal the structural changes in ZnO host lattice, induced by Al and
(Al+Mn) doping. At the I" point of the Brillouin zone, the optical vibration modes relative to
the hexagonal Wurtzite ZnO structure (P63mc) [47] are represented by [48]: [, = A; +
Ei + 2E, + 2B,.

The B; modes are known as silent modes since they are inactive in Raman scattering. The A,
and E; modes are polar and both infrared and Raman active while E, modes are non polar but
Raman active. The non-polar E;, modes have two frequencies namely E,y (high) and E,;
(low) related to the motion of oxygen and zinc sub lattice respectively [49,50]. Strong E,y
(high) mode is characteristic of the wurtzite lattice and indicates good cristallinity. Raman
scattering spectra of undoped, Al and (Al+Mn) doped ZnO NPs are depicted in Fig. 7. The
observed sharp peak around 439 cm™! on the spectrum of undoped ZnO sample is assigned
to E,y optical phonon mode corresponding to the band characteristic of wurtzite phase of
Zn0O [51,52]. The presence of this mode on Raman spectra of all doped ZnO samples
confirms the unaffected hexagonal wurtzite structure with doping. Furthermore, the shifting of

E,y peak toward lower frequency side and the decrease of its intensity for 2% of Mn content



are due to structural defects and local lattice distortions induced by doping [$3]. The Raman
modes located around 115 and 232 cm ™1 are attributed to E,; and 2E,; modes respectively

[54]. The weak broad peak appearing around 571 cm™?

is assigned to A; longitudinal optical
mode (LO) which arises by defects such as O-vacancy, Zn-interstitial defect or their
complexes [44,55,56]. The intensity of this peak increases with doping and principally for 2%
of Mn content indicating an increase in defects amount within doped samples. This result is
consistent with PL study which will be presented later. The peak around 541 cm™?! indicated
by an arrow, is also raised because of the lattice disorder and defects [S7]. Moreover, the
Raman spectra of (Al+Mn) doped ZnO samples display each one an additional peak around
670 cm™ 1! attributed to the vibration mode of Mn-O [57-59], which confirms the substitution
of Mn?* ions in Zn?* sites and then the incorporation of Mn dopant in the ZnO host lattice as
revealed by XRD analysis and confirmed by the-FTIR results.

3.5. Study of optical properties

3.5.1. Absorption and transmission spectra

The absorption spectra of undoped, Al and (Al+Mn) doped ZnO nanopowders are displayed
in Fig. 8. It is clear from this figure that the optical absorption decreases due to doping and
varies with increasing Mn content. The transmission spectra of all samples (Fig. 9) show
almost an opposite trend of the absorption spectra. The observed increase of transmittance in
visible range due to doping may be associated with the decrease in light scattering at less
grain boundaries [60,61] as the average crystallite size increased. The disorder in the doped
ZnO samples may be another factor that accounts on transmittance enhancement [62]. The
transmittance was found to increase with increasing Mn content up to 2% then it decreases
with further rise in doping content. This transmittance variation can be related to the change

in average crystallite size (size effect) and disorder with increasing Mn content.

3.5.2. Optical band gap and Urbach energies
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The optical band gap (E;) for all nanopowders was evaluated using the Tauc relationship
given as follows [63]:

ahv = B(hv — Eg)" (11)
where « is the absorption coefficient (¢ = 2.303A/d with A is the absorbance and d is the
thickness of the cuvett), B is a constant and hv is the photon energy. The value of n depends
on the nature of the electronic transition responsible for absorption [63,64]. It is equal to 1/2
for ZnO which is a direct band gap semiconductor [63,65]. The optical band gap could be
obtained by extrapolating the linear portion of the (ahv)? versus hv plot (Tauc’s plot) to hv
axis.

Tauc’s plots of all nanopowders are shown in Fig. 10 while the variation of E; as a function
of composition is given in Fig. 11. The optical band gap was found to be 3.37 eV for the
undoped ZnO nanopowder and 3.12 eV for the Al doped one (table 2), indicating a decrease
of E; value due to Al doping. Similar Ejvalue behavior was reported in other researches [28,
66,67]. The band gap narrowing may be due to doping induced band edge bending [67] and
also the average crystallite size increase [2,68]. For (Al+Mn) doped ZnO nanopowders, the
band gap decreases with increasing Mn content until 2% and increases for 3%. The band gap
shrinkage may originate from the strong s — d and p — d exchange interaction between the
band electrons of ZnO and the localized ‘d’ electrons of the Mn?* ions substituting Zn>* ones
[3,69]. Bylsma et al. [70] have theoretically explained the E; narrowing under the sp —d
exchange interaction effect. The higher defects amount may be an another cause contributing
to the E; decrease [32]. The observed E; blue shift for 3% of Mn doping may be interpreted
in terms of the average crystallite size decrease [2] and also Burstein-Moss effect [71]. For
this effect, Fermi level shifts inside the conduction band because of the increase of electron

carrier concentration. As the states below such shifting in the conduction band are populated,
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the absorption edge is pushed to higher energies, leading to larger optical band gap for 3% of
Mn doping [69].

The incorporation of impurity into a semiconductor often results in the formation of band
tailing [72]. The band tail energy or Urbach energy (E;,) which is considered to be a measure
of disorder degree [73] and characterizes the local defects, follows the empirical Urbach law

[32, 62]:

4'

lEu=h

a(hv) = a, exp (g—v) (12)

d(lna(hv))] ™"
[—dv ] 13)

where @ is a constant.

The Urbach energy was estimated by plotting [na versus hv and fitting the linear portion of
the curve with a straight line. Its value is given by the slope inverse of the linear portion. E,,
values for all samples are listed in table 2 while the E,, variation as a function of composition
is plotted in Fig. 11. As shown in this figure, the Urbach energy increases as the Mn content
increases from 0 to 2 % and then decreases for 3 %. This finding suggests a variation of
disorder and defects content depending on Mn doping content. Furthermore, the composition
dependence of Urbach energy exhibits an opposite behavior as compared to that of optical
band gap which confirms the close relationship between these two parameters. This indicates
that the change in optical band gap is related to the disorder variation [74,75].

3.5.3. Photoluminescence (PL) study

The PL spectroscopy is an effective tool for examining the existence of defects in
semiconductors. The room temperature PL spectra of undoped, Al and (Al+Mn) doped ZnO
nanopowders (Fig. 12) exhibits each one two emission peaks in UV and visible regions. The
UV emission peak, results from free excitonic radiative recombination corresponding to the

near band edge (NBE) emission [76,77,78] whereas the wide visible one is related to
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impurities and defects within the crystalline structure [79]. The peak associated whith the
defect was found to be more intensive than that of undoped one. The rise in the defect
contents after doping leads to an increase in radiative recombination centers which increases
the defect content and therefore the corresponding defect peak intensity.

PL spectra were deconvoluted by the use of multi peak Gaussian function (Fig. 13). The
position, energy and the corresponding attribution of each emission peak are given in table 3.
The weak peak positioned around 385 nm corresponds to UV emission. It was gradually red
shifted up to 2% of Mn content and blue shifted with further doping, which corroborates the
observed Egvariation [62]. In the visible region, a violet emission peak is located around
400 nm for undoped sample and was found to be red shifted due to doping. It may be due to
defects such as interface traps existing at the grain boundaries [80]. The deconvoluted PL
spectrum of undoped ZnO sample shows a blue emission at 466 nm ascribed to the exciton
recombination between the electron localized at the interstitial zinc (Zn;) and the holes in
valence band [32].Those of doped ZnO NPs exhibit each one a blue-green emission peak
around 470 and 483 nm for Al and (Al+Mn) doping respectively, which may be assigned to
electrons transition from the shallow donor levels of oxygen vacancies to the valence band
[2,3]. The peak at around 562 nm appearing on PL spectra is attributed to the green-yellow
emission [32]. It results from the recombination of electrons with holes trapped in singly
ionized oxygen vacancies (V") [81]. The component peak around 600 nm only noticed for
(Al+Mn) doped ZnO nanopowders corresponds to yellow emission [82] and may be
associated with oxygen interstitials (0O;) [83]. This result indicates that the inclusion of

manganese in ZnO lattice improves its luminescence properties in the visible domain.

3.6. Dielectric study

3.6.1. Dielectric constant and dielectric loss
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The complex dielectric permittivity €* of a material is given by the following expression [16]:
e =¢ —je"' (14)
where the real part €' describes the stored energy while the imaginary part € describes the
dissipated energy under applying an electric field.

The dielectric constant (&) is defined as the ratio of the real part of complex permittivity (g")
to the permittivity of free space (g, = 8.8542 x 10712F.m™1).

Fig. 14 shows the variation of &, as a function of frequency for undoped, Al and (Al+Mn)
doped ZnO samples. All €,.(f) plots exhibit at lower frequencies a rapid decrease which
becomes slow with increasing frequency until an almost frequency independent behavior is
reached at higher frequencies. The observed dielectric behavior can be explained in terms of
Maxwell-Wagner interfacial model [84] and Koops phenomenological theory [85]. It is
assumed that the dielectric medium is made of well conducting grains separated by resistive
grain boundaries [86]. The charge carriers can easily move within the grains when an external
electric field is applied but they are accumulated at the grain boundaries resulting in the
interfacial polarization [87]. This process can produce large polarization and hence high
dielectric constant at lower frequencies [37,88]. The observed &, decrease with the rise in
frequency is due to the fact that any species contributing to polarizability is found to show
lagging behind the applied field at higher and higher frequencies [86]. Beyond a certain
frequency, dipoles cannot follow the alternating field, as result a frequency independent
dielectric behavior appears. Furthermore, at lower frequencies &, increases with increasing
Mn content and slightly exceeds that of the undoped ZnO sample at 3% of Mn doping.
Dielectric loss or loss tangent (tand = &''/€') is represented as dissipated energy in a
dielectric system [37]. The frequency dependence of tano for all samples is depicted in Fig.
15. The relaxation peak noticed for each tand (f) plot appears when jumping frequency of

the localized charge carriers becomes approximately equal to that of external electric field
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[89]. The low dielectric loss values at higher frequencies (inset of Fig. 15) make the
synthesized NPs suitable materials for high frequency applications.

3.6.2. ac conductivity

The ac conductivity (og,.) of a dielectric material can be calculated using the following
relation [37]:

Oy = €'€qw tand (15)
where w is the angular frequency (w = 2rf).

The o,.(f) plots of undoped, Al and (Al+Mn) doped ZnO samples are displayed in Fig. 16.
The observed slow increase in conductivity at low frequencies becomes rapid at higher ones
for all samples. At low frequencies, few charge carriers tunnel through the potential barrier
that forms the grain boundaries, giving rise to a feeble conductivity. The more charge carriers
tunneling with increasing frequency enhances conductivity. Beyond a certain frequency,
charge carriers get sufficient energy to overcome the potential barrier leading to a rapid
increase in conductivity at higher frequencies [89,90]. It is clearly seen from Fig. 16 that
conductivity increases due to doping and with increasing Mn content up to 2% but decreases
for 3%. The charge carrier density induced by addition of dopants may be the possible reason
for the observed increase in conductivity [89,91]. Besides the charge carrier creation, doping
induces in the ZnO host lattice defects like zinc interstitials and oxygen vacancies [86,92]
which tend to segregate at the grain boundaries. Doping induced defect ions facilitate the
formation of grain boundary defect barrier leading to blockage of charge carriers flow [92]
which in turn decreases conductivity [37,86].

These plots of Fig. 16 are fitted according to the Jonscher’s power law [93]:

Ogc(W) = 04. + Bw® (16)

where g, is the dc conductivity, B is a constant and s is an exponent (0 < s < 1).
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The s values extracted from drawn fits lie between 0.65 and 0.95 (inset of Fig. 16), which
suggests that the conduction is governed by the hopping mechanism in all nanopowders.

3.6.3. Impedance spectroscopy

Variations of the real part (Z') of complex impedance with frequency for undoped, Al and
(Al+Mn) doped ZnO nanopowders are displayed in Fig. 17a. The higher Z' values are noticed
at low frequency region which corresponds to high resistivity due to effectiveness of resistive
grain boundaries at this frequency range [16,63]. The observed decrement in Z with
increasing frequency may be due to the ac conductivity increase with the rise in frequency
[63]. Fig. 17b. shows the frequency dependence of the imaginary part (Z") of complex
impedance for all samples. Each Z"(f) plot exhibits a relaxation peak which decreases in
intensity due to doping indicating a loss decrease in the doped NPs [94].

The Cole-Cole plots of all nanopowders are given in Fig. 18. A single depressed semicircle is
observed for each sample. Its center lying below the Z  axis shows a non-Debye relaxation
[93]. The equivalent electrical circuit for all samples is a parallel combination of resistance R,
(bulk resistance) and a constant phase element (CPE) as found for undoped and Na doped

ZnO nanoparticles [93]. The impedance of CPE is given by [95]:

1
Zipp = ——
CPE Q(jw)®

(17)
where j is the imaginary unit (j2 = —1), Q is a constant in F.cm™2.s%71 [96] and « is a
dimensionless parameter ranging between zero and unity and determining the degree of

deviation from an exact semicircle.

Z'(f) and Z"(f) plots (Figs. 17a and 17b) were fitted using the following relations [95]:

_ nfrmooten() as)
- 1+2Rwaaco5(“Z_”)+(Rwa“)2
"o RbZQw“sin(%) (19)

B 1+2RpQw® cos(Z0) +(RpQu®)?
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Furthermore, all semicircles were fitted on the basis of these relationships (Fig. 18). As shown
in this figure, there is a good accordance between experimental data and fits, which indicates
that the proposed equivalent circuit is a suitable one for characterizing the electrical behavior
of samples. The extract parameters for the circuit elements are gathered in table 4. It is clearly
seen that the resistance R} decreases due to doping and with increasing Mn content up to 2%
and increases for 3%, which is consistent with conductivity variation.

4. Conclusion

Undoped, Al and (Al+Mn) doped ZnO nanopowders with a constant Al content of 3% and
different Mn contents (1%, 2% and 3%) were successfully synthesized by the low cost
effective co-precipitation method. All nanopowders crystallize in hexagonal wurtzite structure
without any secondary phase. Both single and double doping induce an increase of crystallite
size average and a decrease of micro-strain and dislocation density. The variation of average
crystallite size was found to be Mn content dependent. The improvement of optical
transparency in the visible range due to single or double doping can be related to the grain
boundaries decrease which in turn could reduce the light scattering. For all doped samples, the
Urbach energy increases as compared to undoped one suggesting an increase in disorder and
defects amount. The optical band gap decreases due to doping whatever its type and with
increasing Mn content up to 2% but slightly increases for 3%. The Ej red shift was related to
defects creation and the average crystallite size increase while E; blue shift was interpreted
based on Burstein-Moss effect. All PL spectra exhibit two emission peaks in UV and visible
regions. The deconvolution of the visible emission peak using a Gaussian analysis reveals
different emissions for all nanopowders. More emissions are noticed for (Al+Mn) doped
samples, which suggests an enhancement of luminescence properties of ZnO in the visible
spectral range due to incorporation of aluminum and manganese. An increase in ac

conductivity (a,.) was observed for all doped samples and was discussed based on the charge

17



carrier density induced by doping. Cole-Cole plots of all nanopowders were suitably fitted to
a circuit consisting in a parallel combination of a resistance and a constant phase element
(CPE). On the basis on results of the present work, we suggest that (Al+Mn) doping can
enhance the optical and conducting properties of ZnO, which may meet the requirements for

an improvement of the optoelectrical efficiency of solar cells.
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Figure caption

Fig. 1. X-ray diffraction patterns of undoped, Al and (Al+Mn) doped ZnO nanopwders.

Fig. 2. Evolution of texture coefficient (T'C) for the prominent diffraction peaks of undoped,
Al and (Al+Mn) doped ZnO nanopwders.

Fig. 3. Plots of Bcos6 versus 4sinf of undoped, Al and (Al+Mn) doped ZnO nanopwders.
Fig. 4. Variations of strain (¢), dislocation density (§) and average crystallite size (D) as a
function of composition.

Fig.5. SEM micrographs of undoped, Al and (Al+Mn) doped ZnO nanopwders.

Fig. 6. FTIR spectra of undoped, Al and (Al+Mn) doped ZnO nanopwders.

Fig. 7. Raman spectra of undoped, Al and (Al+Mn) doped ZnO nanopwders.

Fig. 8. Absorption spectra of undoped, Al and (Al+Mn) doped ZnO nanopwders.

Fig. 9. Transmission spectra of undoped, Al and (Al+Mn) doped ZnO nanopwders.

Fig. 10. Plots of (ahv)? versus photon energy (hv) for undoped, Al and (Al+Mn) doped ZnO
nanopwders.

Fig. 11. Variations of optical band gap (E;) and Urbach energy (E;,) as a function of
composition.

Fig. 12. PL spectra of undoped, Al and (Al+Mn) doped ZnO nanopwders.

Fig. 13. Deconvoluted PL spectra of (a) ZnO (b) AIMnZ0 (c) AIMnZ1 (d) AIMnZ2 and (e)
AIMnZ3 nanopowders.

Fig. 14. Variations of &, versus frequency of undoped, Al and (Al+Mn) doped ZnO
nanopwders.

Fig. 15. Variations of tand versus frequency for undoped Al and (Al+Mn) doped ZnO
nanopwders.

Fig. 16. Variations of ac conductivity versus frequency for undoped, Al and (Al+Mn) doped
Zn0O nanopwders.

Fig. 17. Variations of real (a) and imaginary (b) parts of complex impedance versus frequency
for undoped, Al and (Al+Mn) doped ZnO nanopwders.

Fig. 18. Experimental and theoretical impedance diagrams of undoped, Al and (Al+Mn)

doped ZnO nanopwders with the corresponding equivalent circuit (inset).
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Table caption

Table.1 Structural parameters of undoped, Al and (Al+Mn) doped ZnO nanopwders.
Table.2 Calculated values of E; and E,

Table.3 Characteristics of photoluminescence peaks: position, energy and Attribution.

Table.4 Fitting values of equivalent circuit elements for different samples



Table.1.

o

Sample a(d) c@A) c/a yA) LA e(x107%) W-H

D (nm) &(x1073) 5(x107*

line.nm™?)

ZnO 3,2481 5,2020 1,6015 47,5298 1.9762 -0.8834 21.334£3.38 2.34+0,53 21.9740,69
AlMnZ0 3.2493 5,2064 1,6023 47.6036 1.9773 -0.0384 27.24+1,25 2.15+0,02 13.4740,12
AlMnZ1 3.2503 5.2078 1.6022 47.6463 1.9784 0.2304 33.31+0,6 1.93+0,09 9.124+0,35
AlMnZ2 3.2533 5.2093 1.601 47.7471 2.0961 0.5185 42.92+1,35 1.54+0,05 5.54+0,03
AlMnZ3 3.2513 5.2079 1.6017 47.6752 1.9783 0.2496 31.15+1.45 1.71£0.11 10.3+£0.09




Table.2.

Sample E4 (eV) E, (eV)
ZnO 3.376 125
AIMnZ0 3.126 128
AlMnZ1 3.064 131
AlMnZ2 2.928 159

AlMnZ3 3.001 141




Table.3

Sample Peaks A (nm) E (eV) Attribution
1 381.812 3.251 uv
710 2 400.754 3.097 Violet
3 466.456 2.661 Blue
4 555.233 2.236 Green-yellow
1 385.571 3.219 uv
AIMAZ0 2 404.513 3.069 Violet
3 470.215 2.640 Blue-green
4 558.494 2222 Green-yellow
1 386.452 3.212
2 407.394 3.047 UY
AlMnZ1 3 483.763 2.566 Violet
Blue-green
4 565.019 2.197 Green-yellow Yellow
5 604.891 2.052
1 390.094 3.182 uv
2 409.022 3.035 Violet
AlMnZ2 3 486.145 2.553 Blue-green
4 571.686 2.171 Green-yellow
5 610.467 2.033 Yellow
1 387.213 3.206 uv
2 404.894 3.066 Violet
AlMnZ3 3 481.4189 2.578 Blue-green
4 560.322 2.215 Green-yellow
5 589.131 2.107 Yellow




Table.4

Sample R, (D) Q(F) a

ZnO 2073.29 1.13107 0.74
AIMnZ0 1678.78 1.39107 0.74
AlMnZ1 1234.23 1.90107 0.74
AlMnZ2 86.70 2.29107 0.76
AlMnZ3 245.06 1.29107 0.79






