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Abstract
Pure zinc oxide (ZnO) and Co and Mn co-doped ZnO nanoparticles were synthesized via a solution combustion technique.
Structural, compositional, morphological, functional, optical, magnetization, and photoluminescence properties were examined.
X-ray diffraction studies confirmed the hexagonal structure, and the average crystallite size of the synthesized samples was found
to be around 20 to 30 nm. From the SEM analysis, all synthesized samples were spherical. Energy dispersion spectra confirm the
presence of all selective elements in the synthesized samples. From UV-Vis spectra, we observed that there is decrease in band
gap with increase in Co/Mn concentration. From photoluminescence (PL) studies, a decrease in the rate of recombination of
electron-hole pair generation is observed. Experiments carried out using vibrating sample magnetometer studies revealed mag-
netic properties that indicate ferromagnetism in synthesized samples at room temperature. This material offers enormous poten-
tial to develop spintronics and optoelectronic materials due to its low cost and good yield.
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1 Introduction

Semiconductor (SC) nano-materials have garnered increasing
research activity because of their unique physical and chemi-
cal properties and their ability to control their size, shape, and
composition over a wide range [1–3]. ZnO has been recog-
nized as a promising host nano-material for doping of transi-
tion metals (TM) (TM = Zn, Cd, Fe, Mn, Cu, Cr, etc.) at room
temperature (RT). Recently, significant advances have been
made in the study of metal oxide (M-O) co-doped M-O (i.e.,
ZnO) nanomaterials based on both basic research and
pioneering advanced technologies [4]. RT ferromagnetic ma-
terials have been successfully synthesized by several groups.
ZnO have gained intense attention in searching for high Curie
temperature (TC) ferromagnetic diluted magnetic semiconduc-
tors (DMS) materials, which are based on ZnO. Since DMSs
could exhibit ferromagnetism above RT upon doping with

transition metal elements [5]. ZnO with a wide bandgap of
3.37 eV and a high excitation binding energy (60 meV) was
an attractiveMOSC (metal oxide semiconductor) material [6].

ZnO crystallizes in two primary forms, hexagonal wurtzite
and cubic zincblende. Under normal room temperature and
pressure, ZnO has a hexagonal wurtzite structure. The
zincblende ZnO structure can be stabilized only by growth
by using specific conditions [7]. ZnO crystalline nature could
be indexed to known hexagonal ZnO systems with a = b =
0.32498 nm and c = 0.52066 nm. The c/a ratio is 1.633 which
is the ideal value for a hexagonal cell [8]. The adaptation of the
chemical, physical, and functional properties of ZnO size and
shape offers enormous potential for many technological uses
[9]. The synthesis of ZnO nano-materials has received a lot of
attention because of the growing interest in size-dependent
properties and applications such as light-emitting diodes, la-
sers, nanogenerators, electronics, spintronics, gas sensor, bio-
sensor, cosmetics, storage, optical devices, window materials
for displays, solar cells, drug-delivery, and photocatalysts
[10–14]. As a result, various manufacturing routes have been
proposed to synthesize ZnO-based nanomaterials with mor-
phologies and scales adapted from micro to nano to enhance
their performance [15].

Extensive investigations have been carried out on ZnO-
doped TM systems which were produced using various
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methods like sol-gel technique, hydrothermal method, co-
precipitation method, flame spray pyrolysis technique,
solvothermal method, ultrasonic dispersion, boiling method,
solution combustion technique (SCT), chemical deposition
technique, thermal decomposition method, solid-state tech-
nique, microwave method, etc. [16–19]. SCT reaction was
occurring or formed with evolution of heat (of a chemical
reaction or compound). The SCT process is an excellent tech-
nique for the production of nanoscale ZnO. This process is
swift, reliable, requires inexpensive raw materials, does not
require high-temperature furnaces, and can produce any oxide
material. Several researchers have produced ZnO nanoparti-
cles using the SCT method and studied the structural and
optical properties of the synthesized ZnO [20].

Recently, many researchers have claimed that ferromagne-
tism can be obtained at room temperature in pure non-
magnetic metal oxide nanoparticles and that ferromagnetic
properties do not depend on the dopant of the transition metal.
TM ions are also doped to ZnO, and we expected that TM’s 3d
electrons would improve the electrical, optical, and magnetic
properties of ZnO [21]. Other studies confirm that TM ions
can alter the properties of ZnO. Dinesha et al. reported that Co/
Fe co-doped ZnO nanoparticles made by SCT are best suited
for ferrofluid and magnetic recording applications [22]. Gao
et al. noted that Mn-doped ZnO nanoparticles made by the co-
precipitation process are best suited for ferromagnetic appli-
cations [23]. Sharma et al. reported that Fe/Co-doped ZnO
nanoparticles made by the co-precipitation process are best
suited for photoluminescence and spintronic applications
[24]. Papadaki et al. reported that TM (Cu,Mn, and Co) doped
ZnO nanoparticles prepared by a microwave-friendly process
are best suited for photocatalytic applications [25]. Belkhaoui
et al. reported that Mn-doped ZnO nanoparticles made by the
co-precipitation process are best suited for radio frequency
applications [26]. Sharma et al. noted that Co/Mn co-doped
ZnO nanoparticles made by the co-precipitation process are
best suited for spintronic and optoelectronic applications (Co
constant and Mn varied) [27]. Pazhanivelu et al. reported that
Co-doped ZnO:Mn nanoparticles made by the co-
precipitation process are best suited for ferromagnetic appli-
cations [28]. Kumar et al. noted that Mn-doped ZnO nanopar-
ticles made by SCT are best suited for photocatalytic applica-
tions [29]. Yasoda et al. reports that Cu-doped ZnO:Mn nano-
particles made by SCT are best suited for photoluminescence
and spintronics applications [30].

Also, an ounce of literature was available on SCT synthesis
in a solution of pure ZnO and nanoparticles doped with vari-
ous metal ions (TM, RE, and AE). Few reports are available
on Co-doped ZnO:Mn nanoparticles by different routes [27,
28], but there is few report on Co-doped ZnO:Mn nanoparti-
cles synthesized using SCT method, and this work aims to
improve scope of magnetization and photoluminescence stud-
ies. In this article, we discussed XRD, SEM, EDS, FTIR, UV-

Vis absorption, VSM, and PL studies on Co-doped ZnO:Mn
nanoparticles.

2 Materials Method and Characterization
Techniques

2.1 Materials Method

Pure ZnO and Co and Mn co-doped ZnO (Mn = 2% and Co =
0, 1, 2%) nanoparticles were synthesized by SCT method.
Zinc nitrate hexahydrate (Zn(NO3)2·6H2O), cobalt nitrate
hexahydrate (Co(NO3)2·6H2O), manganese acetate
tetrahydrate (Mn(CH3COO)2·4H2O), urea (CO(NH2)2), poly-
ethylene glycol (PEG-400) ammonium (NH3) solution was
used as a starting material, all chemicals were purchased from
Sigma-Aldrich and Hi-Media and used without further purifi-
cation. Zinc nitrate and urea were dissolved each in 40 ml of
deionized water separately with a molar ratio of 1:5. Zinc
nitrate and urea were taken in grams based on molecular
weight (MW) in proportion to the molarity that is zinc molar-
ity one and urea molarity 5. Co and Mn were also taken with
molar concentration of zinc with respect to the percentage.
(Co and Mn doping element percentages increases and Zn
element percentage decreases).

Each liquid stirred for 30 min, and then urea solution was
added drop wise to the zinc nitrate solution and stirred for 30
min. Next, an ammonia solution was added drop wise to the
above-mixed solution until the pH became 9, and the solution
became white, after that 2 ml of PEG solution was added to
the above solution, and stirring was continued for 7 h. Finally,
the solution was stored in a closed muffle furnace at a com-
bustion temperature of 500 °C for 1 h (INDFURR
SUPERHEAT FURNACES (maximum temperature level up
to 1000 °C)) [30]. The dopant Mn concentration was adjusted
to 2% due to the improved magnetization and the slow rate of
recombination of electron-hole pair to synthesize ZnO:Mn
(2%) and Co and Mn co-doped ZnO (Co = 2 % and 4%)
samples using a similar method. All synthesized samples were
tempered at 600 °C for 1 h. All samples were labeled as pure
ZnO (ZnO-0), ZnO:Mn (2%) (ZnO-1), and Co-doped
ZnO:Mn (Co = 2% and Co 4%) (ZnO-2 and ZnO-3)
respectively.

2.2 Characterization Techniques

The synthesized samples were exposed to various properties.
An X-ray diffractometer (XRD) was used to determine the
crystal structure of synthesized samples with Cu-Kα radiation
(λ = 0.154 nm) (Benchtop Powder X-ray Diffraction (XRD)
Instrument (Rigaku Company)). Surface morphology, compo-
sitional analysis, and particle size were analyzed using a scan-
ning electron microscope (SEM) attached with energy
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dispersive X-ray analysis (EDAX) (ZEISS EVO MA-15).
Fourier transform infrared (FTIR) spectra were recorded on
a Thermo Nicolet 6700 spectrophotometer, and the optical
properties were characterized using a UV-Vis absorption
spectrometer (Varian: 5000). The magnetization hysteresis
loop (M-H loop) was evaluated at room temperature using a
vibrating sample magnetometer (VSM) (Lakeshore: 7410)
with a fluorescence spectrometer (FluoroLog-FL3-11) using
Xe lamp (400 W) at an excitation wavelength of 425 nm.

3 Results and Discussion

3.1 Structural Analysis

The crystalline structure and orientation of the synthesized
nanoparticles were studied by the X-ray diffraction (XRD)
method. The XRD patterns of ZnO-0, ZnO-1, ZnO-2, and
ZnO-3 nanoparticles are shown in Fig. 1a and b, and the cal-
culated parameters are shown in Table 1. The broad and in-
tense peaks indicate that the samples are crystalline and that
the ZnO nanoparticles are in nanoform. From the XRD spec-
tra, three firm prominent diffraction peaks appearing at 31.8°,
34.3°, and 36.3° correspond to the (100), (002), and (101)
planes of the ZnO hexagonal structure, respectively (JCPDS
database card number 05-0664). All samples have a preferred
orientation along the plane (101) [31, 32]. However, in addi-
tion to dominant ZnO peaks, comparatively less intense peaks
corresponding to secondary phases of Co are observed in the
case of Co and Mn co-doped ZnO nanoparticle [33]. From
Fig. 1b, it can be seen that there is a slight clear shift to the
side of the higher 2θ in samples of ZnO-1, and lower 2θ in the
sample of ZnO-2, and ZnO-3 at around 36° in compared with
ZnO-0, indicates the incorporation of Co/Mn into the Zn site
of ZnO. The incorporation of Co and Mn ions seems to have
noticeable impact on the crystal structure of the ZnO. Besides
this, it is worth mentioning that some of these diffraction
peaks becomes weaker as dopant concentration changes.
This change in intensity is accompanied by a very small shift
towards higher angles in the broad peaks of co-doped ZnO
nanoparticles with reference to the ZnO. The shift in the po-
sition of the peak to higher angles as a result of co-doping may

be explained by the contraction of the lattice parameters due to
the size difference between the Zn atoms and the dopants
atoms [34–36]. The shift may be due to the lower ionic radii
of Co/Mn compared with Zn. This type of shift has also been
observed in PL, UV-Vis absorbance, and FTIR studies.

From Debye–Scherrer’s formula:

D ¼ Kλ
βcosθ

where K is the Scherrer’s constant (K = 0.9 for spherical
symmetry), λ is the wavelength of the XRD radiation used (λ
= 0.154 nm), θ represents the Bragg angle and β is the half-full
width height (FWHM) [37].

Formulae for lattice parameters:

a ¼ λ
ffiffiffi

3
p

Sinθ
;

c ¼ λ
Sinθ

here a = b and c are the lattice parameters [38].
The average size of crystallites is found to be around 36 nm

for ZnO-0 nanoparticles. The average crystallite size for the
ZnO-1, ZnO-2, and ZnO-3 samples is approximately 26, 29,
and 32 nm, respectively. It is seen that, compared to ZnO-1, in
Co/Mn-doped samples of ZnO-2 and ZnO-3 there is a slight
increase in the size of the crystallites. The slight increase in the
crystallite’s size could be due to the reduction of point defects
and the rearrangement of the crystal grain. The decrease in
point defects may be due to Co/Mn’s lower solubility in the
ZnO material. The results obtained are very much in agree-
ment with previous reports. Jayakumar et al. reported similar
structural parameters in Co/Mn-doped ZnO samples [39]. The
XRD patterns of the Co/Mn co-doped ZnO nanoparticles are
identical to those of ZnO. Co and Mn’s influence on ZnO is
low due to the low concentration of dopant [40].

3.2 Morphology and Compositional Analysis

Figure 2 shows the surface morphology of the synthesized
nanoparticles of ZnO-0, ZnO-1, ZnO-2, and ZnO-3 by SCT.
SEMmicrographs indicate that all prepared samples consist of

Table 1 Crystallographic parameters information of ZnO and Co and Mn co-doped ZnO nanoparticles

S. no. Sample Lattice parameters Crystallite size (D) (nm) Strain Volume (V) (Å)3

a = b (nm) c (nm)

1 ZnO-0 0.3254 0.5213 36.28 0.0032 47.80

2 ZnO-1 0.3240 0.5204 26.71 0.0029 47.31

3 ZnO-2 0.3242 0.5209 29.58 0.0039 47.41

4 ZnO-3 0.3248 0.5211 32.92 0.0034 47.61
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Fig. 1 aXRD spectra of ZnO and
Co and Mn co-doped ZnO
nanoparticles and b enlarged view
of XRD spectra at 36°

Fig. 2 SEM micrographs of ZnO and Co and Mn co-doped ZnO nanoparticles
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nanoscale particle aggregations. The morphology of particles
in all the synthesized samples is spherical with a smaller size
and a more homogeneous size distribution. InMn-doped sam-
ples, the particle size decreased markedly in ZnO-1, whereas
in the co-doping concentration of Co/Mn samples, it increased
slightly in ZnO-2 and ZnO-3.

EDS is used to detect the presence of target compositions in
prepared samples. Figure 3 shows the EDS spectra of nano-
particles of ZnO-0, ZnO-1, ZnO-2, and ZnO-3 by SCT. The
EDS spectrum confirms that all the selective elements of Zn,
Mn, Co, and O were present and that the compositions of the
synthesized samples were in an almost stoichiometric ratio.
The elemental compositions of the prepared samples are
shown in Table 2. All samples exhibited homogeneous con-
stituents of the elements regardless of the selected areas in the
samples. Furthermore, the EDS results confirmed that the pre-
pared samples are free of impurities.

3.3 FTIR Analysis

FTIR spectroscopic analysis provides qualitative and quanti-
tative information on chemical compounds (both organic and
inorganic) and detects their functional groups, as well as in-
formation on covalent bonds. Figure 4 shows the FTIR spectra
of nanoparticles of ZnO-0, ZnO-1, ZnO-2, and ZnO-3 at room
temperature in the range of 400 to 4000 cm−1. Prominent
bands are seen at approximately 450 cm−1 due to stretching
vibration of the Zn–O (metal-oxy) bond in tetrahedral coordi-
nation. At about 671–672 cm−1, fragile bands arise from
stretching vibrations of Zn–O bonds in octahedral arrays.
The Zn–O bonds at the co-tetrahedral co-band frequencies at
1380 cm−1 are attributed to the C=O group’s asymmetric
stretching vibrations. Vibrating bands at approximately 1650
cm−1 are assigned to the C=O group [41, 42].

The band frequencies of approximately 2346 cm−1 are due
to the CO2 molecules present in the atmospheric air. The band
around 2910 cm−1 and 2925–2926 cm−1 is reflected due to
bending of the C–H bond and stretching of the C–H bond,
respectively. These bands show the presence of absorbed
groups on the surface of the nanocrystals. The large absorp-
tion peaks of approximately 3420 cm−1 are attributed to the

hydroxyl group (OH) due to H2O. It represents the existence
of water molecules adsorbed on the surface of the nanocrystals
[43]. Co/Mn-doped ZnO nanocrystals can quickly disperse in
non-polar and polar solvents due to the hydroxyl groups on
the surface. These surface hydroxyl groups help provide func-
tional groups that can react with functional organic molecules.
All functional groups were assigned to synthesized samples.
In the graph, the absorption band at approximately 450 cm−1 is
seen to shifting slightly, indicating the incorporation of Mn
and Co/Mn ions into the Zn site of ZnO material. This type of
change exhibits the structural parameters and optical bandgap
and is correlated with the XRD, PL, and UV-Vis absorption
studies.

3.4 Optical Studies

Figure 5 shows the UV-Vis spectra of nanoparticles of ZnO-0,
ZnO-1, ZnO-2, and ZnO-3 at room temperature in the range of
300 to 480 nm. All samples exhibited a strong absorption edge
in the 350 to 400 nm wavelength range, denoting the prepared
nanoparticle’s potentiality for photoluminescence properties.
The incorporation of Co/Mn ions into the Zn site of ZnO
improved the absorption rate compared to the ZnO-0 sample
[44, 45]. The lower absorption edge observed at the intrinsic
frontal absorption edge in the wavelength range around 330–
390 nm may be due to the “sp-d” exchange interactions be-
tween the band electrons and the localized “d” electrons; the
Co2+/Mn2+ ions can cause the band structure to change. The
forbidden optical band (Eg) is determined from Tauc formulas
[30]

αhð Þ2 ¼ A h−Egð Þ

where hν is the photon’s energy in eV, α is the absorption
coefficient, and A is the material-dependent constant. Eg is
evaluated from the intersection of the graph (αhν)2 with re-
spect to hν, as shown in Fig. 6. The values of Eg calculated are
in the range of 3.368 to 3.033 eV (Table 3). In the doped
samples (ZnO-1 and ZnO-2), the Eg values decrease slightly
with the doping of Mn and increases for Mn/Co ions ZnO-0,
the rise in the absorption intensity in the blue region may also
be due to a more pronounced doping concentration of ZnO
with the manganese ion. Ullah and Dutta [46] reported that the
improvement in optical absorption ofMn-doped ZnO samples
is due to the increase in defect sites in the crystal structure
compared to ZnO. ZnO doping with Co2+/Mn2+ adds a tail
state in the valence band’s vicinity due to defect sites reduces
its sufficient bandgap. Therefore, visible light’s energy will be
enough to excite electrons from the tail state to the conduction
state. In the ZnO-3 samples, the increase in the optical
bandgap for the Co/Mn-co-doped ZnO samples is interpreted
as “4s-3d” and “2p-3d” exchange interactions that are

Table 2 Compositional analysis of ZnO and Co andMn co-doped ZnO
nanoparticles

S. no. Sample Elemental compositions (at.%) Total

Zn Mn Co O

1 ZnO-0 79.87 – – 20.13 100

2 ZnO-1 77.75 2.09 – 20.16 100

3 ZnO-2 75.97 2.06 2.04 19.93 100

4 ZnO-3 73.77 2.2 3.94 20.09 100
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responsible for the decrease in “3d” electron density of Zn and
the increase in electron density “3d”Mn below the maxima of

the valence band [47]. The widening of the optical bandgap
with Co/Mn elbow in the ZnO sample may also be due to the
Burstein-Moss band’s filling effect.

Fig. 3 EDS of ZnO and Co and Mn co-doped ZnO nanoparticles

Fig. 4 FTIR spectra of ZnO and Co and Mn co-doped ZnO nanoparticles
Fig. 5 UV-Vis absorption spectra of ZnO and Co andMn co-doped ZnO
nanoparticles
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3.5 Magnetization Studies

The M-H hysteresis loop of the synthesized samples was re-
corded using a vibrating sample magnetometer (VSM) at
room temperature. Figure 7 shows the M-H hysteresis loop
of ZnO-0, ZnO-1, ZnO-2, and ZnO-3 recorded at room tem-
perature. In the ZnO sample, ferromagnetism should be
strongly influenced by the nanoparticles’ size, shape, and
surface/volume ratio. Nanoparticles with a high surface/
volume ratio can have ferromagnetic-related defects [48].
From the figure, it is seen that all samples exhibited a ferro-
magnetic nature of exchange interactions; the magnetization
parameters (saturationmagnetization (MS) and remanent mag-
netization (MR)) also increase with increasing doping concen-
tration relative to the ZnO sample and were noted in Table 4.

Since Co/Mn doping on ZnO nanoparticles is hopelessly
diluted, direct interaction between magnetic ions is not

possible for the double exchange mechanism. As shown in
the PL spectrum, Co/Mn-doped ZnO nanoparticles consist
of vacant zinc defects and oxygen-related defects.
Furthermore, an intrinsic exchange interaction due to individ-
ually ionized oxygen promotes bound magnetic polaron the-
ory (BMP) and improves ferromagnetic properties at room
temperature [49]. Therefore, we adopt the BMP mechanism
to confirm the evolution of magnetic property in doped nano-
particles. Thus, the improvement in ferromagnetism for the
ZnO sample associated with Co/Mn at room temperature is
expected to be caused by the higher concentration of vacant
oxygen couplings and Co/Mn ions. In contrast, the exchange
interaction of the Co2+/Mn2+ ions with the electrons trapped in
the oxygen vacancies will align the spins of the two doping
ions in a parallel configuration [50].

To summarize the magnetic properties, in synthesized
nanoparticles, the magnetic property is described as the

Table 3 Optical band gap values of ZnO and Co andMn co-doped ZnO
nanoparticles.

S. no. Sample Eg (eV)

1 ZnO-0 3.368

2 ZnO-1 3.328

3 ZnO-2 3.033

4 ZnO-3 3.181

Fig. 6 Optical band gap spectra
of ZnO and Co and Mn co-doped
ZnO nanoparticles

Table 4 Magnetization parameters of ZnO and Co and Mn co-doped
ZnO nanoparticles

S. no. Sample MS (emu/g) MR (emu/g) HC (G)

1 ZnO-0 0.008 0.0021 56.49

2 ZnO-1 0.032 0.0051 168.44

3 ZnO-2 0.126 0.0056 66.289

4 ZnO-3 0.108 0.0078 63.568
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localized magnetic moment systems originating from “d”
shell electrons of Co2+/Mn2+ ions located at the sites of the
Zn2+ lattice. The paramagnetic properties of these systems can
be described reasonably well by the efficient Brillouin func-
tion, indicating the AFM exchange interactions between the
Co2+/Mn2+ ions [50]. Furthermore, for the ZnO-2 (Co-2% and
Mn-2%) sample with the highest Co/Mn ions, an additional
loop is observed at high magnetic fields, indicating the first-
order phase transitions. The results obtained suggest the use of
Co/Mn dopants to improve ZnO’s magnetic properties
effectively.

3.6 Photoluminescence (PL) Studies

Figure 8 shows that the PL spectra of ZnO-0, ZnO-1, ZnO-2,
and ZnO-3 samples were measured at room temperature with
excitation wavelength at 425 nm. The PL emission peaks are
broad, probably due to the presence of defects and various
recombination sites. Three peaks were observed in the figure
at approximately 520 nm, 580 nm, and 700 nm in the spectral
region of 500–750 nm [51, 52]. In this figure, in the ZnO-1,
ZnO-2, and ZnO-3 samples, their emission intensity decreased
gradually compared to the ZnO-0 sample, and that the position
of the emission peaks slightly shifted in doped samples

compare to ZnO. In the figure, the emission regions could
be interpreted as follows: the green-yellow-orange emissions
(520–560 nm and 560–610 nm) could be due to the single
absence of charged oxygen (Vo

+) and to the double absence
of charged oxygen (Vo

++), respectively [23]. Studies by Xu

Fig. 7 M-H hysteresis loop of ZnO and Co and Mn co-doped ZnO nanoparticles

Fig. 8 PL spectra of ZnO and Co and Mn co-doped ZnO nanoparticles
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suggest that red emission from 620–690 nm could be attribut-
ed to interstitials of oxygen (Oi), from 690–750 nm could have
been caused by a lack of oxygen (Vo) [53].

In conclusion, the donor defect is a region of significant
deficiencies in the Co/Mn-doped Zn site of ZnO, more elec-
trons can be released, enhancing the generation of oxygen
vacancies that improve photoactivity, photodegradation, and
photocurrent properties. In our studies results of PL, FTIR,
XRD, and UV-Vis absorbance study are consistent with one
another.

4 Conclusions

In coda, samples of ZnO-0, ZnO-1, ZnO-2, and ZnO-3 were
prepared using the solution combustion technique (SCT), and
X-ray diffraction analysis showed that all the samples had a
hexagonal wurtzite structure and the particle size decreased in
the enriched samples compared to ZnO-0. All the samples
were spherical and required elements from SEM and EDS
analysis presented in the stoichiometric ratio. The FTIR spec-
tra confirm that all functional groups were present in the pre-
pared samples. According to optical absorption studies, the
reduced optical bandgap value in doped samples (ZnO-1,
ZnO-2, and ZnO-3) is comparable to ZnO (ZnO-0). The PL
measurements showed the emission of red with its wavelength
in the range of 620 to 750 nm due to the lack of oxygen (Vo),
which is highly dependent on the Co/Mn concentration, and
this event is rarely observed. ZnO-2 (Co-2% and Mn-2% (Eg
~ 3.03 eV and D ~ 29nm)) shows the significant improvement
in magnetization and can find applications in photolumines-
cence, spintronics, and optoelectronic devices. Thus, the sys-
tematic study of Co/Mn doping’s influence on the properties
of ZnO can contribute to the advancement of research on
spintronic materials.
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