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The present study deals with two compounds, Ag,Zn;_yALO  x (x = 0.05 and x = 0.1), synthesized using
Pt

2
a sol-gel auto-combustion method. X-ray diffraction analysis and Fourier transform infrared spectroscopy
confirmed the formation of a spinel structure. UV-visible spectroscopy revealed that the band gap is 4.3 eV
and 4 eV for x = 0.05 and x = 0.1, respectively, which confirm that these compounds, Ag,Zn;_.ALO  x (x=
T2
0.05 and x = 0.1), are potential candidates for optoelectronics. Moreover, the effect of frequency and
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temperature on the dielectric parameters was studied using impedance spectroscopy. Additionally, the
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activation energies were estimated from the modulus data and are about 0.659 eV for x = 0.05 and
DOI: 10.1039/d2ra02555h ) ) ) . s
0.41 eV for x = 0.1. These values are in good agreement with those obtained from complex polarizability.
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1. Introduction

In ceramics, the family of spinels with the general chemical
formula AB,0O,, where A denotes a divalent metal ion with
tetrahedral symmetry and B denotes a trivalent metal ion with
octahedral symmetry, are an ideal type of material for forming
ternary oxides thanks to their electrical, optical, magnetic, and
mechanical properties." Aluminum-based spinels, MAL,O,
M(Mg, Zn, Co), have attracted attention, given their exceptional
physical properties, including a high melting point, high
mechanical resistance at high temperature, resistance to radi-
ation damage, low permittivity, and low loss tangent. As a result,
they have demonstrated potential for use in a large range of
applications.> Furthermore, polycrystalline zinc aluminate
(znAl,0,) has an optical band gap of 3.8 to 3.9 eV.* Thus, it can
be used for ultraviolet (UV) photoelectronic devices thanks to its
transparency and electrical conductive properties.® In fact,
ZnAl,0, with a normal spinel structure is one of such
compounds, and it is used in a variety of catalytic reactions
namely dehydration, hydrogenation, and cracking in the
chemical and petrochemical industries.” Relying on its excellent
optical and hydrophobic properties, and high chemical and
thermal stability, it is also used in optoelectronics, sensor
technology, and information display technology as an effective
phosphor material for flat panel displays.® The latter are widely
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used in millimeter-wave telecommunication systems, especially
in antennas, dielectric resonators and microwave substrate
applications as a consequence of their low dielectric constant,
and high-quality factor.” Let us recall that, solid-state reaction,'®
sol-gel,’* co-precipitation,”” microwave hydrothermal,” sol-
vothermal,* hydrothermal® and combustion methods were
commonly used to produce these compounds.'® Interstingy,
doping zinc aluminum with rare earth'” gives photophysical
properties that could be used in upconversion lasers. ZnAl,O,-
doped nickel and cobalt are widely used as blue and green-blue
pigments in glass and ceramics." Therefore, the main objective
of this contribution is to study the optical and dielectric prop-
erties of the Ag" doped ZnAl,0, compounds.

With this in mind, X-ray diffractometer (XRD) measure-
ments, Fourier transform infrared spectroscopy (FTIR), UV-vis
scattered reflectance spectroscopy, and impedance spectros-
copy carried out at several temperatures ranging from 313 to
653 K in the frequency range of 0.1 Hz to 1 MHz, were used to
characterize the prepared nanomaterials.

2. Experimental

0.07 g Silver nitrate (99.8% purity, Sigma-Aldrich), 0.63 g Zinc

oxide (98% purity, Sigma-Aldrich), and 6.07 g Aluminum nitrate

(98% purity, Sigma-Aldrich) were used as precursors to prepare

the Ag,Zn; _,ALO x samples by the sol-gel auto-combustion
=

2
method.” All precursors were dissolved in distilled water (50

ml). After that, 5.76 g citric acid (98% purity) was added. An
homogeneous solution was obtained, then heated at 80 °C to
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reach a viscose: gel solution. Later, the obtained gel was heated
on a hot plate at 180 °C until powders are formed. Subsequently
resulting powders were calcined in the air at 350 °C, 500 °C, and
700 °C for six hours to evaporate the solvent. In the final step, the
powders were pressed into pellets of 8 mm in diameter, and
sintered at 800 °C for twenty four hours to induce the crystalli-
zation of the samples. These samples were characterized by X-ray
diffraction at room temperature with an Advanced D8 diffrac-
tometer and monochromatic CuKo. radiation (A = 1.5406 A).
Fourier Transform Infrared (FTIR) spectra were recorded using
a PerkinElmer FTIR-1000 spectrophotometer in the wavenumber
range of 400 to 4000 cm~ ', The diffuse reflectance UV-visible
spectra of compounds were registered using a SHIMADZU
spectrophotometer (UV-3101 PC) in the 200-1100 nm wavelength
range. The dielectric characteristics of the samples were ob-
tained by impedance spectroscopy at different temperatures of
313 to 653 K over a frequency range of 0.1 Hz to 1 MHz using an
Agilent 4294 impedance analyzer.

3. Results and discussion
3.1 X-ray diffraction analysis

The X-ray diffraction patterns of Ag,Zn,_,Al,O x (x = 0.05

T2
and x = 0.1) samples, prepared by sol-gel auto-combustion
method, are displayed in Fig. 1. The observed diffraction
peaks in the two recorded XRD patterns correspond to those of
the standard patterns of cubic ZnAl,O, spinel. In addition, we
notice a minority phase attributed to silver metal (Ag), as
detailed in our previous work."

3.2 Fourier Transform Infrared (FTIR) analysis

The FTIR spectroscopy, which is a useful tool to understand

functional groups in materials, which have been recorded in the

range of 4000-400 cm . Fig. 2 depicts the FT-IR spectra of

Ag,7Zn;_4Al,O x (x=0.05(a)and x = 0.1 (b)), respectively. The
4
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Fig. 1 XRD patterns of Ag,Zn;_,ALO
nanoparticles.
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broad band at 3433 cm™ " can be attributed to the O-H longi-
tudinal stretching vibration of water molecules, whilst the band
from 1625 cm ™' is attributed to the band vibration of H-O-
H.?*?* The three main bands around 676, 567 and 511 cm "
attributed to the tetrahedral and octahedral of the spinel***
confirming thus the formation of the spinel as previously shown
by XRD results.*

3.3 UV-vis spectra and optical band gap studies

The fundamental process of absorption, reflection, or trans-
mission of light in the materials is considered relevant for their
electronic structures. The reflectance spectra of the prepared
samples are plotted in Fig. 3a and b. The spectra were recorded
in the spectral range between 250 and 1000 nm. Two absorption
bands in the UV region, centered around 281 and 379 nm, are
visible in the samples, which could be assigned to band-to-band
absorption and host material defects.”

The energy bandgap mainly comes from the charge jump
from the valence band to the conduction band estimaed using
Tauc's relationship:**

(F(R)hv) = A(hv — Ey)" (1)

where E, is the optical band gap energy of materials, A is
a constant, /v is the photon energy, and 7 is a coefficient equal
to either 1/2 for indirect band gap or 2 for direct band gap.

The diffuse reflectance data were used to calculate the
absorption coefficient from the Kubelka-Munk (KM)* function,
which was defined as follows:

(1-R)

FR) =R

(2)
where R denotes reflectance, and F(R) represents the Kubelka-
Munk function.

Knowing that the pure and doped ZnAl,O, compound has
a direct transition, the value of the exponent #n is 2, as in the
literature.>*%?

Fig. 4 displays the plot of (F(R)iv)* versus photon energy (hv)
for the samples Ag,Zn; ,ALL,O x (x = 0.05 (a) and x = 0.1 (b)).
4 =

2
Extrapolation of the linear part of the plot of (F(R)Av)* as a func-
tion of photon energy (4v) gives an estimate of the energy band
gap. The recently reported direct band gap values for the
compounds Ag,Zn;_yALLO x were 4.3 eV and 4 eV for x = 0.05
T2

and x = 0.1, respectively. Indicating the semiconductor char-
acter, this material is suitable for specific applications such as
photodetectors, optoelectronics, and photovoltaics.**>¢

With Ag substitution, E, values decrease when x increases.
This reduction can be attributed to the increased levels of deep
defects caused by Ag doping. Consequently, Ag-substituted
ZnAl,0, absorbs more photons and generates more electrons
and holes, favoring photocatalytic activity.*”

The metallization criterion (M) is usually used to predict the

B

conductivity behavior of solids, where: M = 20

RSC Adv, 2022, 12, 20348-20359 | 20349
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Fig. 2 FT-IR spectra of the Ag,Zn; ,ALO x
P
2

When M reaches a high value, close to 1, it means that the
material behaves like an insulator. While it shows a more
metallic character when M approaches 0.*®

In the current work, the values of the metallization criterion
were found to vary from 0.46 to 0.44 (eV)®® for x = 0.05 and x =
0.1, respectively, reflecting the semiconducting character of
these samples.*

Besides, the refractive index (1) of semiconducting mate-
rials is very important to evaluate their optical and electrical
properties especially for optoelectronic and solar cell devices.*

The refractive index (n,) can be calculated from the value of
E, using Moss empirical relation:*!

Egng = 104 eV 3)

Furthermore, we have calculated the high-frequency dielec-
tric constant ¢, with a refractive index by using the following
relation:*?

) E
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Fig. 3 Diffuse reflectance spectra of Ag,Zn;_xAlLO
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Ey = N

The calculated values relative to n, and ¢, are for = 0.05: ny =
2.22 and ¢, = 4.93 and for x = 0.1: n, = 2.26 and ¢, = 5.11.

3.4 Dielectric study

The permittivity measurements were performed to investigate
the dielectric properties of the prepared samples. The complex
dielectric permittivity can be expressed according to Mott's
theory by the following equation:*

1
i(uC()Z*

e*=¢ —i¢" = (5)
where: w = 27tfis the angular frequency, C, is the open capacity
of the capacitor, and ¢ (¢”), is the real (imaginary) part of the
dielectric permittivity.

Reflectance(%)
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(x = 0.05 (a) and x = 0.1 (b)) compounds.
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3.4.1 Real part of dielectric permittivity. Fig. 5a and

b presents the spectra of the real permittivity (¢/) over a wide

range of frequencies at different temperatures for the samples

Ag,Zn; 4AL,O x (x=0.05and x = 0.1). It can be noted that ¢’
4

2
increases with decreasing frequency and increasing tempera-

ture for both samples, this finding specifies strong dielectric
dispersion. This independence is due to the disability of the
electric dipoles to follow the rapid variation of the applied
electric field. Indeed, the high value of ¢ at low frequencies is
mainly linked to the supply of electronic, spatial, interfacial and
ionic charges, which are generally accompanied by the
appearance of dielectric relaxation. Therefore, the dielectric
dispersion observed in the low-frequency region is attributed to
interfacial ~polarization, since electronic and atomic
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polarizations remain unchanged in this frequency range.**
Since dipoles are not able to orient themselves at low temper-
ature, the increase in ¢ with temperature is associated to the
fact that orientation polarization is related to the thermal
motion of molecules.*

The experimental data of the dielectric constant (¢) were
adjusted using the modified Debye function given by the
following expression:*®

/ /
’ ’ €0 — € w
E =&« + —21
1+ (wr)*™

(6)

with: 7 is the average relaxation time, « is a constant, €', is the
dielectric constant at low frequency, and €. is the dielectric
constant at high frequency.
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Fig. 5 The real permittivity spectra over a wide range of frequencies at different temperatures for the Ag,Zn; ,ALO x (x=0.05(a)andx=0.1
(b)) nanoparticles. Example fit of the (¢) for (x = 0.05 (c) and x = 0.1 (d)) at T = 433 K. Y
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Table1 The extracted fitting parameters of the dielectric constant for
samples (a) x = 0.05 and (b) x = 0.1

T(K) ¢ w ¢ (x10"* s) o

a

313 286.228 533.030 197.9 0.606
333 285.477 449.166 110.5 0.597
353 286.219 381.550 14.8 0.612
373 286.580 370.775 9.491 0.619
393 286.783 367.731 7.788 0.623
413 287.049 364.857 6.308 0.627
433 287.857 358.106 3.642 0.643
453 287.500 384.279 9.158 0.624
473 289.088 354.958 1.981 0.671
493 289.146 379.135 4.182 0.651
513 289.837 396.356 4.990 0.652
533 291.152 391.738 2.721 0.680
553 291.540 392.361 1.607 0.698
573 292.296 408.412 1.529 0.708
593 294.162 448.053 2.451 0.697
613 295.173 486.198 3.086 0.688
633 296.124 507.949 2.919 0.685
653 295.475 499.068 1.932 0.680
b

313 303.380 2229.150 3242.1 0.611
333 305.182 1813.746 1158.4 0.617
353 305.462 1584.427 365.2 0.622
373 307.185 960.237 31.1 0.636
393 308.175 854.618 11.4 0.645
413 309.128 819.915 6.217 0.651
433 309.299 814.972 4.141 0.652
453 309.151 825.538 3.019 0.651
473 307.325 852.730 2.458 0.644
493 304.109 889.698 2.146 0.636
513 297.307 958.701 2.226 0.623
533 284.217 1071.842 2.984 0.606
553 287.775 1072.210 2.085 0.609
573 280.154 1135.673 2.174 0.602
593 275.466 1344.296 4.815 0.591
613 281.412 1170.767 1.666 0.599
633 298.463 1311.502 3.425 0.596
653 314.602 1193.628 2.113 0.607

As clearly seen from Fig. 5c and d, the theoretical fit is
strongly agree with the experimental data indicating the
adequacy of the used modified Debye function. In this regard,
the extracted parameters from the fitting process for the two
studied compounds are illustrated in Table 1.

3.4.2 Imaginary part of dielectric permittivity. Fig. 6
exhibits the variation of the imaginary part (¢”) of the complex
permittivity versus frequency at different temperatures for the
two compounds Ag,Zn;_,ALO x (x =0.05 (a) and x = 0.1 (b)),

=

2
respectively. It is clear that ¢” presents high values in the low-

frequency region and decreases rapidly with increasing
frequency within the presence of any relaxation peak. This
feature is indicative of non-Debey behavior.*”

In addition, as seen in Fig. 6¢ and d, the imaginary part of
dielectric constant (¢”) can be represented in a logarithmic
variation In(¢”) as a function of In(w) at different temperatures
according to the following expression given by Giuntini et al.:**

20352 | RSC Adv, 2022, 12, 20348-20359
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2
n-e-

3
€ ) Ky T 1™ (War) ™ 7)

&' (w) = (s — em)27'cz-N(
Which can be rephrased as follows:*
¢ = B(1)-o™ P (8)

In eqn (7), & is the static dielectric constant, ¢, the dielectric
constant at “infinitely high” frequencies, Ky is Boltzmann's
constant, N is the density of localized states at which carriers
exist, n is the number of polarons involved in the charge
transfer process, e is an electronic charge, and W), is the energy
required to move the electron from site to infinity (that's to say
the energy necessary for charge carriers to cross over the
potential barrier).

Then, in eqn (8), B(7) is a constant that depends only on
temperature and m denotes an exponent describing the number
of charge carriers, which is given by:*

4Ky T

m= -2 ©)

The calculated values of m as a function of temperature are
collated in Fig. 7a and b. The same type of evolution has been
observed in other compounds.*>*

As shown in Fig. 7a and b, for x = 0.05, the values of m are
proportional to the temperature, which matches the non-
overlapping small polaron tunneling (NSPT)** model, and
then decrease with increasing temperature, suggesting the
(CBH) model. Nevertheless, for x = 0.1, it is clear that m
decreases with increasing temperature. Therefore, the corre-
lated barrier hopping (CBH) model is the predominant mech-
anism. These findings are in good agreement with our
previously published results regarding the electrical investiga-
tion of these two material.*

The temperature dependence of the real ¢ and imaginary &”
permittivity as a function of temperature at different frequen-
cies (0.1 KHz, 1 KHz, 10 KHz, and 1 MHz) for the two
compounds is illustrated in Fig. 8 and 9. As clearly seen, ¢’ and
¢’ are independent of frequencies and temperatures over
a small temperature range, then they gradually increase as the
temperature increases. Furthermore, the interfacial polariza-
tion is known, as it increases with increasing temperature while
the dipole polarization decreases with temperature.’*** The
observed increase in dielectric constant with the temperature at
low frequencies confirms the domination of the interfacial
polarization contribution to the dielectric constant in the
studied materials.>

3.4.3 Loss factor. The dielectric loss factor expresses the
ratio of the imaginary part of dielectric permittivity (¢) and the
real part of dielectric permittivity (¢'), i.e.:

!

&
tan 6 = —

) (10)

where the angle 6 is the phase difference between the applied
electric field and the induced current.

Dielectric loss is known to occur when bias lags behind the
applied AC field and can be caused by defects in the crystal

© 2022 The Author(s). Published by the Royal Society of Chemistry
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lattice of grain boundaries, and impurities.”” The density of
material also influences the variation in dielectric losses; for
example, high porosity (low density) results in low dielectric
constant and higher dielectric losses.”® The frequency depen-
dence at different temperatures of the loss factor for the two
samples is plotted in Fig. 10. Similar to ¢, tané values are
important at low frequencies and gradually reduce at high
frequencies until reaching a lower saturated value. The losses
are minimized at high frequencies and the dipoles contribute to
the polarization because their polarization can orient with the
electric field due to their high conductivity.***® Thus, we notice

(@) o5
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Fig. 7 The exponent (m) calculated as a function of temperature for the Ag,Zn;_,Al,O

© 2022 The Author(s). Published by the Royal Society of Chemistry

that the value of the dielectric loss increases with an increase in
temperature due to the electrical conductivity.”

In this context, these results suggest that the two samples
can be used in various technological applications, including
fuel cells, ceramic technology, and microwave technology.*

3.4.4 Modulus analysis. The complex electrical modulus
(M*) allows the study of the relaxation process and the
dynamics of ions as a function of frequency and temper-
ature.M* can be determined from the dielectric permittivity
using the following formula:**

(b) 075
© -
-0.80 4 O
Q
0,854
s\ E4
E 4004 ®
..
0,954
....
.00 .......
300 350 400 450 500 550 600 650 700
T(K)
samples.

X
2
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M*:ifM'—iM”

8*

(11)

Therefore, the real electric modulus (M’) and the imaginary
electric modulus (M”) can be expressed as follow:

M = 2mfCoZ" (12)

M" = 2mfCoZ' (13)

where: Cy = ¢,. (S/e) denotes the cell’s vacuum capacitance, ¢y =
8.854 107" F m ™" is the free space permittivity.

3.4.4.1 Real part of modulus. Fig. 11a and b shows the
frequency dependence of the real part (M) of the complex
modulus as a function of frequency at different temperatures of
the two prepared compounds.

It is worth noting that the values of M’ curves increase
gradually until merging at the high-frequency range for the two
compound. This confirms that the electrodes polarization
phenomena does not contribute to the relaxation process and
can be ignored when the electric field, is evaluated in this
form.*
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Fig. 9 The temperature dependence of the imaginary permittivity as a function of temperature for the Ag,Zn;_Al,O

(b)) compounds.
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3.4.4.2 Imaginary part of modulus. The imaginary part of the
electric modulus (M”) as a function of frequency at different
temperatures for the two materials is presented in Fig. 12a and
b, to better understand dielectric relaxations. All the M” plots
prove a maximum at a specific frequency called the relaxation
frequency (f;). With increasing temperature, this maximum
shifted to higher frequencies, implying that the relaxation is as
temperature-dependent process.®® Several research articles®*
have also reported similar results. Indeed, at low frequencies,
we can see the presence of a pure conduction process® in which
ions can move freely over long distances. As the M” peaks move
to higher frequencies, the ions are confined to only localized
motion, which corresponds to carrier hopping over short
distances.®” The experimental data of the M’ for different
temperatures were fitted with an approximate frequency
representation of the Kohlrausch-Williams-Watts (KWW)
function, proposed by Bergman:*®
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(b)) compounds.

where: My, is the maximum value of the modulus peak, fi,ax is
the My, corresponding frequency, and (0 <@ < 1) is the factor
that appears in the empirical Kohlrausch function providing
information on the type of dielectric relaxation which can be
either Debye type or non-Debye type.®® In another hand, the
temperature dependence of @ is feature in Fig. 13a and
b proving a continuous decrease up to 393 K than an increase
for x = 0.05 (curve (a)), and for x = 0.1 (curve (b)), 8 behaves and
increases with increasing temperature. Furthermore, Fig. 13c

100 100 100 100 100 10t 105 A
Frequency(Hz)

Fig.12 The imaginary part of the electric modulus as a function of frequency for the Ag,Zn;_,Al, O
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2

and d shows that the theoretical calculation fit agrees well with
the experimental data.

When plotting the variation of the relaxation frequency (finax)
as a function of the inverse of the absolute temperature (1000/
T), as seen in Fig. 14, it should be noted that this variation
presents an activated behavior, according to following Arrhe-
nius law:”®

Soax = Jo exp( _— ) (15)

Kg

10" 10° 10 100 100 10 105 16
Frequency(Hz)

x (x=0.05 (a) and x = 0.1 (b)) compounds.
P
2
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4

the (M”) for compounds (x = 0.05 (c) and x = 0.1 (d)) at T = 433 K.

where: Ky is Boltzmann's constant, E, denotes the activation
energy required for the dielectric relaxation, and f, is the pre-
exponential factor.

The extracted values of the activation energy are: E
0.610 eV and E, = 0.419 eV respectively for x = 0.05 and x = 0.1,
proving a decrease with increase in the Ag amount.

3.4.5 Complex polarizability studies. To better understand

the phenomena of dielectric relaxation, the complex
(a)
o4
54
H
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Fig. 14 The variation of the relaxation frequency (fnax) as a function of (1000/T) for the two Ag,Zn;_,ALO

compounds.
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polarizability («*), proposed by Scaife,”* was then focused,

which

is defined as follows:
e*+1

% ok — o o1
fF=a*=a —id = ——
e¥+2

(16)

Where o/ and o are the real and imaginary parts of the complex
polarizability «".

Accordingly, we can easily get the imaginary parts «” from
eqn (16):*°
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)
3e" measurements. In addition, FTIR spectroscopy analysis
o = ———— 17) . .
(¢ + 2)2 4+ g2 confirmed the formation of spinel structured compounds. The

The complex polarizability gives proper weight to all polari-
zation mechanisms and provides an easy way to compare the
dielectric behavior of different substances.

On this point, Fig. 15 represents the variation of «" versus
frequency at different temperature and highlights that a well
separated relaxation peak with a maximum which shifts
towards higher frequencies. According to these finding we dis-
played, in Fig. 16, the plot of (In (fiax)) as a function of the
inverse temperature of (1000/7).

The extracted activation energies are about is for 0.569 and
0.41 eV respectively for x = 0.05 and x = 0.1 which are almost
the same as those extracted from the module analysis.

4. Conclusion

In summary, we have studied the optical and dielectric prop-
erties of Ag,Zn; ,ALO x (x = 0.05 and x = 0.1) spinels

2
prepared by sol-gel auto-combustion process. Both compounds
crystallize in the cubic structure of space group Fd3m and
exhibit a minority of (Ag) phase, according to the XRD

© 2022 The Author(s). Published by the Royal Society of Chemistry

Kubelka-Munk formula is used to calculate the absorption
coefficient, where the optical band gap is determined by the
Tauc model. The calculated gap energy values are 4.3 eV for x =
0.05 and 4 eV for x = 0.1, indicating semiconductor behavior for
both samples, which are better suited for applications as
photodetectors, optoelectronics, and photovoltaics. The activa-
tion energies estimated from the modulus were found to be
0.599 eV for x = 0.05 and 0.412 eV for = 0.1, which is in
agreement with the values obtained from the complex polariz-
ability plot, in effect demonstrating that the charge carriers
involved in the conduction and relaxation processes are the
same.
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