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Abstract

This research work aims to prepare and characterize the effect of Al-doped ZnO nanoparticles (NPs) from the point
of view of different physical properties for different applications. The co-precipitation method was used for preparing the desired
samples, where ZnO was replaced by AICIs. The obtained samples were characterized using both Fourier transform infrared
(FTIR) and X-ray diffraction (XRD) to identify their structural phases. All samples exhibit a single-phase hexagonal wurtzite
structure confirming the substitution of Al on Zn sites. The average crystallite size was found to increase for all Al-doped ZnO
samples. UV-vis spectra showed an absorption peak around 3.34 eV which matches the optical bandgap of ZnO. Al-Impurities
acted to increase the value of the optical transmittance, especially in the visible light region. The value of the calculated nonlinear
refractive index is considered promising for different optoelectronic applications. In addition, the electrical conductivity of Al-
doped ZnO samples increased at a high frequency compared with that of pure ZnO due to the increase of available charge
carriers after the replacement of Zn ions by Al ions. Also, dielectric constant and loss (tan 8) was found to be frequency-

dependent.
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1. Introduction

Nanomaterials and Nanocomposites are of high
importance in different fields because of their potential
applications, such as storage energy devices,
optoelectronic instruments, and solar cells. for
example, Nanoparticles based on ZnO have been used
as a drug-delivery active medium in UV-region
semiconductor lasers [1-6], where zinc oxide is a
semiconductor oxide that has a wide direct bandgap of
about 3.37 eV, and a large exciton binding energy of
about 60 m eV [2, 3], at room temperature. Large
numbers of publications stated that Nanoparticles
based on Zinc metal oxide with or without another
metal oxide or more is considered as one of the most
unique ways that provide what is called long-lasting
superior protection [7-9]. Also, it was found that when
ZnO nanopowder mixes with other different ions acts
to improve the optical, electrical, and catalytic
properties of these ions [9], especially, when ZnO
nanopowder is doped with Al, where the resulted
compound is conductive and transparent in the visible
region, which suggests it be used in the transparent
conductive pastes [10-11]. Therefore, in recent years
the most researchers in the area of material science
focused to develop new technics and experimental
methods to obtain and fabricate ZnO nanostructures,

like the co-precipitation, sol-gel, hydrothermal, and
spray pyrolysis [12-13], Among all developed
techniques the co-precipitation technique has attracted
more attention because of its simplicity as well as its
low cost, and effectiveness. Through inspecting the
related previous articles, it was found that ZnO
nanopowder doped with Al, has been reported only by
a small number of researchers especially their optical
properties in the UV-vis-near IR region. Most research
works aimed to prepare the Al-doped ZnO powders
based on the sol-gel method, where it was found that
the incorporation of AI** ions into Zn?* lattice resulted
in the reduction of the crystalline nature of ZnO, such
reduction act to increase the value of the optical
bandgap [14-18]. Accordingly, this study has been
performed to try to prepare Al-free and Al-doped ZnO
nanopowder using the co-precipitation method, then
estimate the effect of Al-doping on structural and
optical properties of ZnO nanopowder based on the
new preparation procedure.

Experimental Work:

Pure and Al-doped [Alx Zn(.x)] samples were prepared
by the chemical co-precipitation method. The used
materials are commercial grade (LOBA Chemical)
without any purification including Zinc acetate
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dehydrate [Zn (CH3COOQ), .2H,0, purity 98%],
sodium hydroxide [NaOH, purity 93%], Aluminum
chloride Anhydrous (AICI3). As shown in figure (1a),
the experimental procedure for the preparation of both
pure ZnO sample and Al-doped ZnO samples are as
follows: for the preparation of pure ZnO nanoparticles,
21.950 g of Zinc Acetate was dissolved in 100 ml
distilled water, and a magnetically stirred at room
temperature (RT) to obtain a homogenous solution,
then 16 g of sodium hydroxide was dissolved in 100
ml distilled water. Next NaOH solution was added
dropwise to obtain a homogenous mixed solution,
yielding a white precipitate. The white precipitate was
stirred at room temperature for 2 hours. After that, the
product precipitates were then filtered out and washed
several times with ethanol and distilled water.

The white powder was dried at 70 °C for 3 hours
followed by further heating at 400 °C for 4 hrs to
ensure good crystallinity of formed nanoparticles.
Finely the white powder was ground using agate
mortar. For the synthesis, Al-doped samples, the
amount of AICI; [0.53336 g (0.04), 0.80004 g (0.06),
and 1.0667 g (0.08) were dissolved in (20ml) distilled
water and added to (21.072 g) of zinc acetate dissolved
in (80ml) distilled water with continues stirring both
solutions for two an hour. Then (16g) of sodium
hydroxide which dissolved in (100ml) distilled water
was added dropwise to this homogenous mixture to
form a white precipitate. The solution with the white
precipitate was processed as above to obtain Al-doped
ZnO samples, as seen in figure (1b). Eventually, all
samples were coded as shown in table (1). The
prepared samples were then characterized using
different experimental methods, like the Powder X-ray
diffractometer (XRD), at room temperature using a
PW 1830 diffractometer with Cu Ka radiation (40 kV
X 25 mA) and a graphite monochromatic, with 26
values from 10 to 80 degrees. The optical
measurements were obtained using Genway 6405-
UV-visible Spectrophotometer which was used to get
the optical UV-vis. Spectra, in the range 190 to 900
nm, at room temperature, using equal thickness
samples (0.25 cm). While the FTIR spectra were
recorded, at room temperature, using Fourier
transform Infrared (FTIR) spectrometer in the range
from 4000 to 400 cm ™.

Results and Discussion
Structural Phase Identification by XRD:

Figure (2) shows the XRD patterns of Al-free and
Aluminum-doped samples, it’s clear that each pattern
consists of eight sharp peaks of different amplitudes
and different positions. Where each peak characterizes
a certain crystalline plane (hkl), which in turn
distinguishes one structural phase.
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Fig (2): X-ray diffraction patterns for all the prepared
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Table (1): XRD peaks positions & their
corresponding crystalline planes
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By inspecting the previous related publications, all the
diffraction peaks have been attributed to their
corresponding crystalline planes, as shown in table (1).
Based on the standard data referred to as JCPDS card
No. 36 —145, all data tabulated in table (1) can be
attributed to the ZnO wurtzite hexagonal structure.
Therefore, based on XRD results it can be stated that
ZnO nano-powders have a polycrystalline hexagonal
wurtzite structure with a well-developed crystallinity
degree. Such behavior indicates that AI3* ions
occupied the sites of Zn?* ions and/or incorporated into
interstitial sites in the lattice without altering the
hexagonal wurtzite structure of ZnO [22]. Also, figure
(2) illustrates that when the content of Al®* increased
up to 8wt% the observed peaks exhibited a slight shift
towards the higher diffraction angle 26°, as declared in
figure (3). Like behavior may be due to the lattice
shrinkage caused by the AP* (radius 0.53 “A) replacing
the Zn?* (radius 0.74°A) [23-26]. Sharer equations (1,
2) have been used to obtain both the average crystal
size (D) and the micro-strain (¢) values, for all
samples. Where B 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), A is the
wavelength for CuKo radiation (A = 1.54056 A).

KA

= L cos 6 (1)
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~ 4tan@ (2)
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Fig. (4). Crystal size versus Al concentration

Table (2): Composition & structure information

Sample abbreviation ZnO | AlZn; | AlZn, | AlZn;
Samples chemical compositions Al,Zn,_, where x=0,4,6,8(Q)
Crystallite size D (hm) 28.01 34.24 40.18 43.87
Dislocation density & 0.001274 0.0008529 0.0006194 0.0005195
Micro-strain, € 1073 6.537 5.627 5.639 4.767
a(A) 3.2571 3.2573 3.2455 3.2455
. c(A) 5.2164 5.2153 5.1973 5.1981
S o cla 1.6015 1.6011 1.6013 1.6016
f E u 0.3798 0.3800 0.3799 0.3799
s Cell-Volume (A% 47.92 47.91 47.4 47.41
Bond length (A) 1.9815 1.9819 1.9747 1.9747
Table (2) exhibits the calculated average crystalline 2 1 2
size as well as the corresponding lattice strain. As L= J(?Jr (5‘“) Cz) (6)
shown in figure (4), it can be seen that the average 1,42 1
crystallite size increased when Al content increased, u=:+; Y

which may be due to the incorporation of Al in the
ZnO Lattice acting to enhance its crystalline quality.
This expectation has been confirmed by the observed
decrease in the values of the micro-strain as shown in

table (2).

1 4 /h? +hk+k? 12
2=;0F2 )tz ®)
nl = 2dsinf 4
V= gac2 5)
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The equation of inter-planer spacing for a tetragonal
unit cell is given by equation (3) [28] has been used to
calculate the lattice parameters (a) and (c), as well as
the unit cell volume for all samples. Where d is the
inter-planar spacing and the h, k and | are the miller
indices d-spacing is given by Bragg’s law, Where A
=1.5406 A, 0 is the diffraction angle, n=1 (order of
diffraction). The Zn-O bond length along the c-
direction is given by [30], while the volume V of the
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unit cell of the hexagonal wurtzite structure of the ZnO
(NPs), is obtained from Eq (5), [29]. The positional
parameter ‘u’, which is an important variable in
calculating the Zn—O bond length is given by Equation
(7), [31].

The values of lattice parameters, unit cell volume,
bond length (1), and (u) of ZnO and Al-doped ZnO
nanoparticles are tabulated in table (2). All these
guantities have been discussed separately as follows;
(a) the lattice parameters (a, c, c/a) showed slight
changes with the different Al-doping concentrations.
Such slight changes of (a, ¢) parameters mean that the
doping process affected the internal structure of ZnO
(NPs). (b) The unit cell volume, and bond length (1) of
Al-free and Al-doped ZnO nanoparticles showed
nominal different changes. These changes may be
attributed to the difference between the atomic radii of
Al and Zn atoms, where the atomic radius of Al atoms
(0.118 nm) is smaller than that of Zn atoms (0.142 nm)
and Al-O covalent bond length is shorter than Zn-O
bond length, that leading to decrease in unit cell
dimensions of Al-doped ZnO nanoparticles.

FT-IR Spectral Analysis:

Figures 5(a-d) exhibit the charts of Fourier-transform
infrared spectroscopy, FTIR, for all as-prepared
samples in the range of wavenumbers 400-4000 cm.
Such charts reveal the existence of multi absorption
peaks, each peak and shoulder peak represents a
certain vibrational mode. Based on the related
previous publications, each peak has been assigned to
a group function or a chemical bond as shown in table
(3), where the observed peaks were classified into
main bands. The absorption band 440-477 cm™ has
been assigned to the stretching vibrational modes of
ZnO, the relative intensity of such band decreased as
the content of Al-impurities increased the thing which
may be assigned to the relative decrease in the content
of Zn?* cations. The center of such band shifted to the
higher wavenumber as the Al-impurities increased,
which means an increase in the bond energy of Zn-O
and in turn decrease in its bond length and confirms
what resulted from the XRD analysis which declared
a decrease in the value of the lattice parameter (a) from
1.9815 to 1.9747 A. The peak which is centered at 570
cm? distinguishes the metal cation (Zn?* and Al*Y)
vibrations. This band became broad as the Al-
impurities content increased the thing which may refer
to the participation of some AI** in ZnO-lattice. Such
behavior may explain the increase in the value of the
crystallite size D from 28.1 to 43.87 nm. The
stretching mode of vibration bands due to C=0 is
observed between 1600-1400 cm™. While the
broadband of absorption that was observed at 1097 cm-
11384 cm?, and 840 cm™ due to the effect of the
presence of H,O (O-H) and CO; (C-O) absorbed from
the air, so can be ignored. Finally, it’s obvious that the
OH-groups gradually replaced with acetate groups,
which disappear completely to form zZn (OH),, and
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hence/finally ZnO could be formed with the release of
more acetate anion [33].
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Table (3): FTIR Absorption peaks positions

Abovel600 cm?

ignored

due to the presence of H,0O (O-H) and CO, (C-O) that are absorbed from the air, so can be

Peak center Assignments Refs.

477 cmt This peak corresponds to the stretching mode of ZnO vibration

570 cm? Such peak can be attributed to the presence of Al cations throughout the ZnO lattice -

1600-1400 cm'* This band represents the stretching mode of vibration bands due to C=0 vibrations g
o

UV-Vis: Optoelectronic Analysis:

The study of non-Centro-Symmetric substances like
ZnO nanopowder is of most importance in estimating
the electronic structure according to the optical
properties, which are of high importance in updating
both the electronics and optoelectronic devices for the
different applications. In the current study, some
optical parameters like the transmittance (T %) and
absorbance (A) were measured, while some others like
absorption coefficient, linear refractive, and nonlinear
refractive index were calculated [33-35]. For the
studied samples, both the optical absorbance and
optical transmittance were measured and then
normalized, by dividing the highest value, to avoid the
instrumental errors.

Figure (6) showed the variation of the normalized
optical absorbance (A) with the change in the
wavelength of the incident light, where all samples
exhibit approximately the same cut-off wavelength
around 293 nm, in addition to an absorption peak at
373 nm which represents the optical bandgap of ZnO
in the UV region. The observed increase in the value
of (A) as the Al-impurities increase may be attributed
to the decrease in the value of the lattice parameter (a)
as well as the decrease in the value of the bond length.
Where these two factors refer to an increase in
structure competence as Al-impurities which in turn
may cause an increase in the density value which leads
to an increase in the value of the optical absorbance.
Also, the increase in the content of Al-impurities
introduces more free charges and increases the
probability of the electronic transitions which indeed
increases the value of the optical absorbance.

Figure (6) also clarify the effect of Al content on the
optical absorption, where the increase of Al-content
act to increase the optical absorption, such an increase
may be due to the observed increase in the average
crystal size, as shown in figure (3). Figure (7)
illustrates that all the studied samples have a wide
transmission window extended over all the visible
range, which may suggest them for multi applications
in this region. According to relation (8), [36], both the
optical absorption of each sample and its thickness (t)
were used to calculate its absorption coefficient a,
which is an important factor for determining the
energy bandgaps for both direct and indirect allowed
transitions, by using Tauc’s relation (9), [37-38];
Where (ao) is a constant called band tailing parameter,
(Eg) is the optical energy gap, and (j) is the power
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factor of the transition mode. The values of (j) for both
direct and indirect transitions are % and 2,
respectively.

a=2303% % (8)

afk = a, (E — E;) 9)

3.34 eV
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Fig. (6): Normalized Absorbance, for all the prepared
samples, ZnO, AlZni, AlZn,, and AlZns

ZnO
AlZnl
K
AlZn2
Alzn3

T T T T T T
300 450 600 750 900 1050
A (nm)

Optical transmittance T%

Figure (7): The optical transmittance T%, for all
the prepared samples ZnO, AlZn;, AlZn,, and
A|Zn3

2500

2000

1500

1000

(ahv, mt eV)2

500

Fig. (8): (chv) 2 versus (E), for all the prepared
samples, ZnO, AlZn;, AlZny, and AlZn;




448 N.M. Moussa et.al.

To determine the value of the energy bandgap for the
direct bandgap energy is equal to the intercept of the
straight portion curve with the x-axis, it can determine
the value of the bandgap energy for the direct allowed
transition by plot (a¢hv)? versus E= (hv eV), as shown
in figure (8). The calculations showed that the
replacement of ZnO by AICI; acts to increase the
optical bandgaps from 4.01 to 4.17 eV for the direct
allowed electronic transitions. Based on the measured
optical parameters the optical dielectric relaxation can
be organized given the real (¢;) and imaginary (s,)
components of the optical dielectric constant &* [39-
40]. Whereas for an un-free damper, the real
component (&;) characterizes the damping of the light
propagation through the material/medium. Also, this
component, which is related to the energy stored
within the medium, can be considered as an account
for electromagnetic dispersions. On the other side, the
imaginary component is considered a damping factor
that describes the amount of energy loss and/or
absorbed within the medium [39-40].

a hc

K(E) = = (10)
_ 100-A-T%

R= 100 (11)
= R _4R 2

n=Rt (1-R)? + K (12)

& = n?— K? (13)

& = 2nK (14)

=g +je (15)

Figure 9(a-d) represents the vibration of &; and &, with
the energy of the incident photons for x =0, 0.04, 0.06,
and 0.08, respectively. Where the real component &,
increases while the imaginary component (&,
decreased, in such a way that both of them show a peak
in the same position of photon energy (3.3 eV). Such
a result can be used to obtain the average plasma
frequency f, = 8 x 10'* Hz which is a higher value
that gives the existence of a high concentration of free
carriers [39].

3;5:;; no L’—/J e

&
£
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Photon energyE (eV)

> Fig. (9a): (g;) and (&) as a function of the photon
energy for the sample x= 0.0wt%.
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Nonlinear Refractive Index:
n%-1

x® = Tan (16)

¥® =17 ?)10-10 OrH* @
3

n, = (18)

Frequency  conversion materials  especially

nanopowder semiconductors are important for
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nonlinear optical applications, so it is useful to identify
the nonlinear properties of the studied samples to
recognize if they are suitable for nonlinear devices and
applications or not. For this promotion, it's favorable
to use the Z-scan technique but it's not available for
now at least so the set of the previous relations should
be used to obtain the nonlinear parameters of the
studied samples based on UV-vis measurements.
Figure (10) shows the calculated nonlinear refractive
index n2, where the obtained values for the Al-free
sample and Al-doped samples are better than those
reported previously [40-41], which may suggest these
samples for nonlinear applications.
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n,(Nonlinear refractive index)

K
B——
T T T T
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Fig. (10). Nonlinear refractive index n; for all
samples, ZnO, AlZni, AlZn,, and AlZns;

Dielectric Relaxation:
The dielectric permittivity €* is a complex quantity
consisting of a real part which is named the dielectric
constant € and an imaginary part which is named
dielectric loss &, relation (19) [42]. Figure (11) and
figure (12) display the applied frequency impact on
both the dielectric constant and loss, at room
temperature for Al-free and Al-doped ZnO samples.
e =& —je (19)
For all prepared samples, it’s clear that the value of ¢’
decreased gradually when the applied frequency
increased up to 10* Hz, then showed a frequency-
independent value. This behavior may be attributed to
the polarization effects and/or the number of
relaxation  processes  [43-45].  Where  the
accumulations of the free charge carriers at an edge of
an insulating grain boundary should exhibit large
polarization effects that produce large polarization
caused the dielectric constant to have a high value at
the region of lower frequencies [47]. While At the
region of high frequencies, the electric dipoles cannot
follow the variation of the applied electric field [48,
49]. It can be observed that the dielectric constant
decreases for high Al doping concentration and
increases for low doping at Al 4% doping. The
improved dielectric constant at room temperature
makes the doped samples suitable material for charge
storage applications.
Figure (12) shows the variation of € versus frequency
for all the prepared samples. This plot depicts high
values of € for lower frequencies, which then
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decreased to nearly stable values for higher
frequencies. The higher € -values detected in the low
frequencies region may be due to the crystal defects,
impurities, and moisture in the prepared samples [48].
The low € -values at higher frequencies make the
synthesized samples suitable materials for nonlinear
optical applications [49]. Furthermore, materials with
low values of dielectric constant and dielectric loss at
higher frequencies are appropriate candidates to be
utilized in devices functioning in the high-frequency
range [52].
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Fig. (11): Frequency dependence of optical dielectric
constant for all the prepared samples, ZnO, AlZn;,
AlZny, and AlZns, at room temperature.
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Fig. (12): Frequency dependence of optical dielectric
loss for all the prepared samples, ZnO, AlZn,, AlZn,,
and AlZns, at room temperature.

Ac Electric Conduction:

The alternating electric conduction or what is called
AC conductivity is an interesting measurement, which
gives an idea of the possibility of using the studied
samples for electrical applications. Generally. The AC
conductivity osc Of dielectric material can be
calculated using the relation (20) [51], where o is the
angular frequency (@ = 2xf) and & is the permittivity
of free space (8.854 107! F/m).
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Oqc = €&y w tand (20)

Figure (13) illustrates the AC conductivity frequency
dependence at room temperature for Al-free and Al-
doped samples. It’s clear that the AC value increased
when the value of frequency increased, especially at
higher frequencies. Such behavior may attribute to the
migration of enhanced electrons [52]. From figure (2),
it’s clear that the Al impurities acted to enhance the
AC conduction, especially in the region of low
frequencies (less than 10* Hz) in which the AC-value
is frequency independent, approximately. While in the
region of high frequencies (up to 10*Hz) the AC-value
increase linearly with the same rate for all samples,
which means the same conduction mechanism. Such
variation in AC-value between the two ranges from
frequency-independent to frequency-dependent puts
forward the conductivity relaxation phenomenon [53],
as mentioned in the section of optical dielectric
constant and loss. Generally, the behavior of AC-value
with the change in the applied frequency can be
understood by assume the existence of two conduction
mechanisms, the first took place at the low frequencies
(tunneling), while the other took place at the high
frequencies (hopping) [50-58]. Also, Al-impurities
acted to induce somehow of defects like zinc
interstitials and oxygen vacancies throughout the ZnO
nanoparticles host lattice. Such defects isolated at the
grain boundaries [59-60], and facilitated the formation
of a potential barrier acted to blockage of charge
carriers’ flow which in turn decreases conductivity
[51, 59]. These results make us suggest that Al-doped
ZnO nanoparticles may be considered a promising
candidate for high-energy storage devices [49].
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Fig. (13): Frequency dependence of ac conductivity
for all prepared samples, ZnO, AlZns, AlZn,, and
AlZns, at room temperature

4. Conclusion:

The co-participation method is a successful method of
nanopowder preparation. This method has been used
to prepare Al-free and Al-doped ZnO nanopowder
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according to the chemical formula, Zny.x Aly, where 0
<x<0.1 %. XRD, FTIR, and UV-vis. confirmed that
all samples have polycrystalline wurtzite type
structure, which matching with the standard value. Al-
impurities impacted the average crystalline size (D) to
increase and the micro- strain to decrease. FT-IR
spectra showed the vibration of Zn—O bonds as well as
the incorporation of Al in ZnO nanoparticles. The Al-
content caused the optical band gap to increase from
4.01 to 4.17 eV. The Al-content caused the values of
the absorption coefficient and nonlinear refractive
index to increase. The AC conductivity was found to
depend on both the Al-content as well as the applied
frequency.
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