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ABSTRACT

We investigated the influence of oxygen vacancies (varying) on the structure
and properties (dielectric and magnetic) of Co (fixed) and Mn (varied) co-doped
ZnO nanoparticles (NPs) fabricated using the chemical precipitation technique.
The oxygen vacancies in the lattice increased with an increase in dopants (Co,
Mn) concentration. Annealing of the doped nanoparticles decreased their
dielectric properties due to reduced grain boundaries caused by enhanced grain
growth. Replacement of Zn ions with dopants in the lattice enhanced the
samples’ electrical conductivities due to the reduction in grain boundaries and
increase of charge carriers. The co-doped nanoparticles annealed at 600 °C
exhibited some hysteresis loop changes and became ferromagnetic (FM). The
magnetization increased with an increase in dopants content in the ZnO matrix,
while coercivity decreased. This shows that the properties of the doped samples
are strongly related to the number of oxygen vacancies. These results demon-
strated that the enhanced dielectric and magnetization responses of Co (fixed)
and Mn (varied) co-doped ZnO nanoparticles are strongly correlated with the
oxygen vacancies. The enhancement in optical, dielectric,c and magnetic
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properties make transition metals (TM)-doped ZnO nanoparticles suitable for
spintronics, and optoelectronic-based applications.

1 Introduction

Owing to their interesting applications, including in
electronics, there is a renewed research interest in
diluted magnetic semiconductors (DMS;) [1-7]. For
them to meet the requirements, the DMS should
display ferromagnetism (FM) at room temperature.
So, to realize room temperature ferromagnetism
(RTFM), many researchers worked on transition
metals (TM)-doped II-VI semiconductors since they
have excellent RTFM. The breakthrough started with
Dietl et al. [7] in which RTFM was theoretically pre-
dicted, and this was later followed by many studies
in doping semiconductors using magnetic ions. A
semiconductor of significant importance is ZnO
because of its excellent properties emanating from its
ability to dissolve transition metals [8]. In particular,
it has a wide bandgap and enormous binding energy,
and these properties are of utmost importance in
electronics. It has been doped with Fe ions transition
metal at levels low enough that the structure is not
changed and showed good properties. Several works
have realized ferromagnetism in ZnO doped with
TMs at curie temperatures (T.) higher than room
temperature [8-10]. Because of this breakthrough,
many scientists across the globe became interested in
TMs-doped ZnO DMS [11, 12].

There are many techniques currently used to pre-
pare TMs-doped ZnO nanoparticles, and these
include thermal evaporation [13], vapor transport
and condensation [14], ion implantation [15], pulsed-
laser deposition [16], sol-gel [17], and hydrothermal
method [18] and they are complicated processes.
Among these techniques, the use of the hydrothermal
route integrated with an electromagnetic field is a
promising way for producing homogeneous dopants
in ZnO nanoparticles. However, the drawback is that
it requires special experimental conditions, like
magnetic fields [19] and autoclaves [20]. The use of a
strong magnetic field to enhance semiconductors
magnetism through controlling the grain morphol-
ogy in the hydrothermal process is now established
and well documented [21, 22]. The use of a strong
magnetic field was also shown to be good in
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enhancing good precipitates distribution in the
nanoparticle [23]. In our previous study [24], we have
focused on diluted magnetic response of Zngge -
Co Mn 040 nanoparticles through the introduction of
various concentrations of Co. We found that Zngg4.
Mng 040, ZngosMng 4C0p.01O,  Zng.oaMng 04C00.020,
and Zng9,Mng 04C00 04O samples are ferromagnetic
(FM) with good remnant magnetization (Mr) and
coercive field values by introducing oxygen vacancies
on it [25]. The magnetic behavior of manganese and
cobalt-doped ZnO was investigated by Jacek et al. It
was found that with an increase in dopant concen-
tration, there was a slight increase in ferromagnetism
at 15 mol% doping level. Previously observed chan-
ges in chemical composition and lattice parameters
demonstrate success in doping of ZnO nanoparticles
with manganese and cobalt ions [26]. RTFM was
reported by Babic-Stoji et al. [27] in ZnO samples
annealed at low temperatures. The observed ferro-
magnetism was caused by contacts between man-
ganese ions and defects. It was suggested that the
observed magnetism was merely due to the material
property of the doped nanoparticle and independent
of other factors. Recent work reported RTFM in
cobalt-doped ZnO nanoparticles [28]. RTFM was also
observed in Fe [8], (Fe, Co) [29, 30], and Mn-doped
[31] ZnO samples. There are many results on single
doped ZnO to achieve the goal of RTFM but the co-
doped ZnO nanomaterials are still lack focus.

Many experimental results showed that the role
and effect of (co-doped TM ions)-ZnO nanoparticles
on RTFM are not transparent, and, in some instances,
there are some conflicts. To further clarify the
mechanism, we report the variation in the structural,
dielectric, and magnetic properties of ZnO (by
introducing oxygen vacancies on it), when doped
with Mn (varying) and Co (fixed).

2 Experimental method

The reagents used were zinc, manganese, and cobalt
acetate, i.e., Zn (CH;COOQO),-2H,0O, Mn (CH3-COO),.
4H,0, and Co (CH;CO0O),-6H,O, respectively. The
samples Zn0O, Zng gyMng 03C0¢ 100,
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Zny gaMng 06C00.100, and ZnggMngg9C0p 100 were
prepared as follows: Firstly, 2.210 gm of Zinc acetate
was dissolved into 100 ml deionized water. After
that, 1.135 gm KOH was poured in 10 ml of deion-
ized water. Then this solution was added to Zn
(CH3CO0),-2H,0 while mixing. It was then dried
overnight in the oven to remove recrystallization
water. White precipitates were obtained after the
reaction. The precipitates were then washed several
times under deionized water and annealed in a fur-
nace at 600 °C for 4 h. For manganese and cobalt co-
doped samples, we measured the required mass (gm)
of Zinc acetate, Manganese acetate, and Cobalt acet-
ate with a digital balance and then dissolved them
into 100 ml distilled water following the same pro-
cedure used for pure ZnO.

The crystallographic information was obtained
through X-ray diffraction (XRD) measurements using
Cu Ka radiation (A = 1.5406 A). The Rietveld refine-
ment technique was used to measure lattice param-
eters. The chemical composition was analyzed using
an energy dispersive X-ray (EDX) spectroscopy
attached to the Scanning Electron Microscopy (SEM)
Instrumentation. Dielectric properties were carried
out by Agilent Impedance Analyzer and LCR meter
with a frequency range of 40 Hz-5 MHz. Magnetic
properties of the samples were carried out by or
Magnetic properties measurement system (MPMS) or
Quantum Design superconducting Quantum inter-
face Device (SQUID).

3 Results and discussion

XRD patterns for the samples were obtained using
PANalytical-X'Pert [3] powder XRD and are shown
in Fig. 1a, b. The XRD patterns for both samples show
that they have the wurtzite structure (JCPDS card No.
36-1451). From the Rietveld refinement in Fig. 1a, the
lattice parameters and unit cell volumes for different
concentrations are shown in Table 1. The results
show that with an increase in Mn content, the lattice
parameters, as well as volume of the unit cell, were
increased because the peaks shifted to the higher
angles as shown in the inset of Fig. 1b. The
microtensile strain and crystalline size of all samples
are calculated from peak broadening by utilizing the
Williamson-Hall plot as shown in Fig. 2 using the
Egs. 1, 2, 3.
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Fig. 1 a X-ray diffraction Rietveld refinement (shown by the
solid lines) of ZnO sample. b Powder X-ray diffraction patterns of

ZnO, Zny g7Mng 3C0g.100, Zny gaMny 6C0y_ 100, and
Zng 81Mny 09C0p.100 samples
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In Williamson-Hall plot assume that size and
strain broadening are additive components of the
total integral breadth of a Bragg peak as mentioned in
the above equation. Strain-induced broadening aris-
ing from crystal imperfections and distortion are
related by (as mention in Eq. 4).

~ P

€E=
tan0

(4)
The crystallite size and lattice strain-dependent

broadening are fitted by a curve for all the peak
widths as a function of diffracting angle and FWHM
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Table 1 Structural parameters of ZnO, Zngg7Mng 03C09.100, ZnggsMng 06C0g.100, and Zng g;Mng 9C0g 10O samples calculated from
XRD

Sample (hkl) d-spacing (A) 20 (°) Crystallite size (nm)  Tensile strain  Lattice constant Unit cell volume (A)’
a (A) c(d)
ZnO (100)  2.5951 31.8885  48.26 £ 2.41 0.00032 3.2359  5.1848  47.06
(002)  2.5894 345350 - - - - -
(101)  2.4671 36.3850 - - - -
Mngp3)  (100)  2.7958 31.9845 4283 £2.14 0.00037 3.2447  5.1854  47.07
002)  2.5877 34.6348  — - - - -
(101)  2.4601 36.435 - - - - -
Mngpe)  (100)  2.8044 31.8851  33.53 £ 1.67 0.00084 3.2451  5.1896  47.12
(002)  2.5948 345363 - - - - -
(101)  2.4671 363846 - - - -
Mngge)  (100)  2.7958 31.9850  40.31 £ 2.01 0.00043 3.2482  5.1754  46.11
002)  2.5877 346353  — - - - -
(101)  2.4601 364358 - - - - -
0.0065 0:005
0.0060 -
0.006 -
0.0055- - Zng g;Mng 03C0g 4,0
- ZnO é
20.00504 o 00041 W
&)
a
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Fig. 2 Williamson—Hall Plot of all synthesized samples

for XRD peaks. The W-H graphs of the samples are ~ y = mx + c with slope equal to microstructural strain
plotted give the equation of a straight line, and the intercept from which the average crystallite
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size is calculated as presented in Fig. 2
[32-34]._ENREF_33 The incorporation of Mn and Co
in the structure reduced the crystallite size from
about 48.26 to 33.53 nm. Table 1 summarizes the
quantitative data from XRD measurements. In this
case, the lattice sizes increase with an increase in Mn
and Co contents in the ZnO structure because of
higher ionic radii of Mn>* (0.80 A) and Co** (0.65 A)
as compared to Zn>* (0.60 A). The differences in
radius cause ZnO lattice distortion and the tensile
strain increases. The decrease in crystallite size and
increase in tensile strain introduce oxygen vacancies
(defect density) to the ZnO lattice with increasing
dopants concentration. The minimum crystallite size
and maximum tensile strain are reported for Znggs.
Mnyg 06C00.100, which means defect density (oxygen
vacancies) is maximum in this sample. However, the
authors observed a decrease in lattice constants with
an increase in Mn doping (x = 0.09%) in ZnO matrix
because of the formation of Mn>* and Mn*" ions [35].
The observed shifting of peak positions in co-doped
samples are in agreement with changes in lattice
sizes, and the finding agrees with the explanation
that the Mn** /Co?* ions substitute Zn** in the ZnO
structure. The ratios of lattice parameters (c/a) do not
change enough, and this confirms that the dopants
are well accommodated and the structure is
unchanged.

The Scanning Electron Microscopy (SEM) Instru-
mentation images for all the samples are shown in
Fig. 3a-d, while the corresponding overall EDS
spectra are shown on the right side of Fig. 3a—d. High
crystallinity with the rod-shaped structure of pure
ZnO nanoparticles can be seen in Fig. 3a with the
corresponding EDS spectra on the right side (Fig. 3a)
having Zn and O peaks with 83.19 wt% and 16.81
wt%, respectively. The crystallinity was found to
decrease with an increase in co-dopants’ concentra-
tion, which is in agreement with the XRD results. The
results show that particle agglomeration increases
with an increase in doping concentration, and sheet-
like structure appeared (Fig. 3b—d). The Zn elemental
weight percent decreased with an increase in dopants
concentration as evident from the EDS spectra. The
elemental weight percent accompanying EDS peaks
for Zn, O, Mn and Co are given in Fig. 3b—-d, showing
that the oxygen content of the samples continuously
reduced as compared to pure ZnO [36].

Figure 4 shows the FTIR spectra for ZnO and
doped samples measured at room temperature.
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High-intensity absorption peaks for ZnO are at 645,
662, and 800 cm™'. Two peaks observed at 1624 and
3436 cm™! are due to O-H stretching and H-O-H
bending vibrations and can be assigned to small
amounts of H,O present in nanocrystalline ZnO. The
presence of carbon dioxide from the atmosphere
produced a peak at 2386 cm™'. Bond stretching in
ZnO causes a weak peak at 512 cm™'. Similarly, in
the Zng gzMng 03C00100 sample, peaks at 1390 cm !
and 2333 cm™' are due to bond and symmetric
stretching, respectively. While, in Zng gsMng 0sC00.100
sample, peaks 662 cm ™' and 1395 cm ™' are assigned
to O-H asymmetric stretching [36].

The UV-Vis absorption spectra recorded (200 to
1000 nm) by dispersing sample in the ethanol as
shown in Fig. 5. The absorption peaks were found to
be at 380 nm for ZnO, at 375 nm for Zngg;Mng 3.
CO()JOo, at 393 nm for Zn0.84M1’10.06C00_]oO, and at
389 nm for ZnggsMngg9C0g 100 and this shows the
shifting in the joint curve due to co-doping in ZnO.
The absorbance increases with increasing Mn con-
centration and it is maximum for Zng gsMng 56C0g 10O
sample, revealing large number of oxygen vacancies
(defects) in the sample. The bandgap energies calcu-
lated wusing Tauc’s plot are 255+ 0.13eV,
27 £ 014 eV, 240 £ 0.13 eV, and 2.54 &+ 0.12 eV for
Zn0O, Zngg;Mng03C00.100, ZnggsMngsC00.100, and
Zny g1Mng 06C00 10O as shown in Fig. 5. These results
are in agreement with the previous results [36]. The
bandgap energies and crystallite size are plotted
against Mn concentration and the minimum values of
both crystallite size and bandgap are found for the
Zng 8aMny 06C00 100 sample, which is due to presence
of large number of oxygen vacancies.

Figure 6 shows the PL spectra of ZnO and doped
nanoparticles in the wavelength range of 300-800 nm
with excitation wavelength of A =275 nm. The
corresponding magnified PL spectra are shown in the
inset of Fig. 6. Sharp peaks of 326, 380 and 386 nm are
observed corresponding to band to band transition.
High and low-intensity peaks at 405, and 412 nm,
respectively, are for the violet band region. Besides,
peaks at 419, 425, 440, and 448 nm correspond to the
violet emission while those at 483 nm, and 492 nm
correspond to the blue-green emission. In the green
emission region, peaks of 510, and 518 nm are
observed. The PL graph for ZnggiMng09C0p 100 in
Fig. 6 shows that the peak intensity is lowest com-
pared to the other three samples as shown the inset of
Fig. 6. A sharp peak at 326 nm is for the ultraviolet
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Fig. 3 a-d SEM images and their corresponding EDS of ZnO, Zng g;Mng ¢3C0g.100, Zng gsMng 06C00.100, and Zng g;Mng goCog. 100

nanoparticles

(UV) region, and this also shows that the peak shifts
to a longer wavelength. The peaks corresponding to
405, 416, 422, 429 and 443 nm are for the violet while
the 490 nm peak is for the blue-green emission. Peaks
of 508, 514, 526 and 545 nm correspond to the green
emission, while a peak of 556 nm was observed for
the yellow-green emission. Peaks of 592, 612, and
616 nm are assigned to the orange emission and the
high-intensity peak at 653.3 nm is in the visible
region [36].

@ Springer

The hysteresis (M-H) loops of co-doped ZnO NPs
measured at room temperature are shown in Fig. 7a
and the inset of Fig. 7a shows the M(H) curve near
zero magnetic field. The figure shows that ZnO
exhibit diamagnetism (data not shown here) at 300 K,
while co-doped samples are ferromagnetic (FM). For
Zng gzMng 03C00.100, ZnggaMng 06C00.100 and Zngg;-
Mng 09C0p.100 samples, the remnant magnetization
(M,) values are ~ 0.27, 1.7, 1.28 emu/g, and corre-
sponding coercive field values are 970e, 450e, and 50
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Fig. 4 Fourier Transform Infrared Spectra of ZnO,

Zng g7Mng 03C09.100, Zng 8sMng 06C09.100, and

Zng g1Mng 09Cog,100 samples

Oe (Fig. 7b), respectively. This shows that the
observed M, value of the ZnggiMngpsC0p100 is
higher than the one obtained in Ref. [25]. Figure 7
shows that the highest saturation magnetization (M),
and M, are observed at 6% Mn since Mn and Co spins
will be ferromagnetically coupled [37]. The remnant
magnetization and saturation magnetization increa-
ses, while coercivity is reduced with the increase in
the concentration of Mn (dopant) from 3 to 9% in the
Zn;_ Mn,Coy 100 matrix. The increase in M, is
attributed to an increase in density of oxygen
vacancies [38]. This occurs because of the migration
of O*” jons from the lattice, and the formation of
oxygen vacancies near Mn and Co-doped ions to
balance charge [39]. The resulting magnetization is
due to bound magnetic polarons (BMPs) [40]. Mutual
interaction of high-density BMPs (due to large con-
tent of oxygen vacancies) forms magnetic domains
with long-range ferromagnetic ordering. Magnetiza-
tion increases with an increase in Mn content because
the parallel spin—-spin coupling between Mn and Co
ions is more favorable than antiparallel coupling.
Nearby oxygen atoms result in charge carrier
exchange between oxygen vacancies and Co/Mn ions
[41]. An increase in Mg and M, and reduction in
coercive H. with an increase in Mn content (Fig. 7b)
are both caused by the high density of oxygen
vacancies.

To find the exact T, the magnetization behaviors
versus temperature response of the co-doped ZnO
were studied using a 1000 Oe magnetic field (Fig. 7c).
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The Figure shows that the 6% Mn co-doped ZnO
sample has the highest FM behavior compared to
those with only Mn or higher Co contents, as clearly
displayed in Fig. 7d. The ferromagnetic coupling
between TM ions and bound polarons forms bound
magnetic polarons [42] and this is how FM originates
in TM-doped ZnO [43, 44]. Some previous studies
about carriers in point defects show that both
hybridization and TM substitutions induce RTFM in
doped ZnO [33, 45-47]. This work showed that the
substitution of Manganese and Cobalt ions into the
ZnO lattice introduces a large number of oxygen
vacancies (defects). In ZnggsMng 0sC0p.10O nanopar-
ticles, a large number of oxygen vacancies is formed
by the replacement of Zn** with Mn** and Co®" ions
along with the formation of oxygen vacancies to
enhance RTFM. The phenomenon is novel and rela-
ted to RTFM introduced during sample preparation
through (Mn, Co) co-doping. The origins of the
observed magnetism at low temperatures should be
investigated in detail.

The changes in dielectric constant (g,) for ZnO,
Zng g7Mng,03C00.100, Zng.gsMng 06C00.100, and Zng ;-
Mng 09C00. 10O NPs annealed at 600 °C are shown in
Fig. 8a. The graph shows that the values of &,
decreases with an increase in frequency up to
1 x 10° Hz and then remains constant at higher fre-
quencies. The sample powder was compacted using a
9 mm diameter presser to fabricate circular-shaped
pellets and Gold glue was pasted on pellets as an
electrode to measure the capacitance, dielectric loss,
and conductivity variations with frequency. A similar
approach was used by Khan et al. [19, 24, 32, 48]. The
following mathematical formula (5) was used to cal-
culate the dielectric constant:

& = Cd/e, A (5)

&, C,d, A, and s,, respectively are for sample relative
dielectric constant, capacitance, height, pellet cross-
sectional area, and space dielectric constant. Results
show that the ¢. values for the ZnO, ZnggyMng gs.
C00.100, Zng.8sMng 0sC00.100 and Zng.g1Mng 09C00.100
samples calcined at 600 °C rapidly decreases as fre-
quency increases up to 1 x 10* Hz before remaining
constant. Rotation dielectric polarization (RDP) and
space charge polarization (SCP) may be used to
explain this behavior. This is mainly based on the
presence of a high density of oxygen vacancies [45].
Then differently charged vacancies form randomly
oriented dipole moments which are easy to polarize.

@ Springer
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Fig. 5 Absorbance spectra, and the calculated Bandgap energies of ZnO, Zngg;Mng3C00.100, ZnggsMngsC0p.100, and
Znp g1Mng g9C0g 10O using Tauc’s plot. The bandgap and crystallite size versus Mn content

They will then align along the direction of the field
and entrapped by interface defects [49] thereby
inducing SCP in the material. The grain boundary
region will be electrically active due to the increase in
the dielectric constant. At high frequency, species
contributing to polarization are lagging behind the
imposed field and this causes a decrease in s, In

@ Springer

addition, the interfacial area reduces with a decrease
in the volume of particles such that RDP and SCP are
increased. The density of oxygen vacancies increases
in ZnO, Zngg;Mng03C00.100, Zng.8sMng06C00.100,
and Zng g1Mng 09C0 100 samples, and RDP, and SCP
are enhanced. This shows that both size and doping
concentration have influence dielectric property.
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Fig. 6 PL emissions spectra of ZnO, Zngg;Mngo3C0.100,
Zng.84Mng 06C00.100 and Zng g1 Mng g9C0g.100

With the increase in Mn concentration, the &,
decreases in Co-ZnO calcined at 600 °C and this may
result from some distortions emanating when smaller
Mn** radii are substituting for Zn*" as discussed in
Refs. [33, 50].

Figure 8b shows that the dielectric loss for ZnO,
Zng g7Mng,03C00.100, Zng.gsMng 06C00.100, and Zng g;-
Mny 09C00 10O samples decreases with an increase in
frequency and this may be due to space charge
polarization. It is observed that cobalt and man-
ganese doping in the ZnO matrix lowers the dielectric
loss and increases the dielectric constant [33]. The
relationship between frequency and dielectric loss at
room temperature is shown in Fig. 8b. The dielectric
loss exhibits a small peak-type behavior at the med-
ium frequency and does not change at higher fre-
quencies. The plots show that high dielectric loss is
experienced at low frequencies, which may be
explained by charge polarization according to the
Shockley—Read mechanism [51]. Here, the surface
electrons are captured by impurity ions in the matrix
resulting in surface space charge polarization. The
dielectric loss increases with an increase in frequency
until a relaxation peak appears at the middle fre-
quency before decreasing at higher frequencies
(Fig. 8b). Relaxation peaks occur at the middle fre-
quencies when the carrier’s jumping frequency is
almost equal to the external field.

Figure 8c shows the electrical conductivities of
ZHO, Zn0_87Mn0‘03C00,1OO, Zno,84Mn0,06C00.100, and
Zng 81Mng 09C0¢ 100 samples. Observations show that
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the conductivity exponentially increases with an
increase in frequency. Conductivity can be enhanced
by either increasing the frequency of the applied field
or dielectric relaxation at high frequencies. The latter
effect is due to higher dielectric relaxation of polar-
ization of nanoparticles in a high-frequency region.
With an increase in dopants concentration, oxygen
vacancies are produced, and these vacancies trap
charge carriers, which are set free from these vacan-
cies at higher frequencies resulting in high conduc-
tivities [33, 37]. The enhancement in conductivity can
be described as when the frequency is low, transport
follows infinite paths. Still, as the frequency increa-
ses, more and more charge carriers move along the
applied field, and as a result, conductivity increases.
This enhancement in conductivity is best explained
by the hopping model, which occurs through the
hopping of charge carriers between Mn**/Mn **,
Co**/Co®" at high frequency due to enhanced
mobility of charge carriers. The conductivity is max-
imum for Zng gsMng 06C00 10O as in previous results;
this sample possesses a small crystallite size, large
strain and, hence maximum concentration of oxygen
vacancies. The electrical conductivity «, . of is given
by Eq. 6.

Oac = Eo&rw tand (6)

With an increase in frequency, conductivity
increases, while the dielectric loss decreases, and this
is in agreement with the previous work [21]. (Mn, Co)
co-doped ZnO nanoparticles could be useful for
energy storage and gas sensing applications [38].

4 Summary

Zn0O, Zngg;Mng03C00.100, ZnggsMng0sC00.100, and
Zny g1Mng 06C0.100 were successfully prepared and
annealed. The properties were analyzed using several
methods. The structure of the samples followed the
wurtzite-type structure due to the proper accommo-
dation of dopants. In the presence of small concen-
trations of dopants, weak ferromagnetism was
observed, and it becomes strong with an increase in
manganese ions. Enhancement of ferromagnetism to
produce DMS materials was explained based on
BMPs caused by a large number of oxygen vacancies
introduced to ZnO lattice with the incorporation of
Manganese and Cobalt ions. Furthermore, the sam-
ples’ dielectric measurements demonstrated a
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decrease in dielectric constant with incorporation of
manganese ions in the structure. An increase in
electrical conductivity is attributed to the increase in
charge density (charges liberated from oxygen
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