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A B S T R A C T

Cobalt-doped ZnO nanoparticles having chemical formula Zn(1-x)CoxO (x=0.05, 0.10, 0.15,
0.20) were prepared by means of auto-combustion synthesis. Formation of monophasic wurtzite
structure material was confirmed from XRD data. Inclusion of the Co2+ ions in the ZnO matrix
produced several fascinating effects in the structural, physical and magnetic properties of the
nanoparticles. The lattice constants ‘a’ and ‘c’ got inflated and the average crystallite size shri-
veled from 25 nm to 17 nm with the increase of Co concentration ‘x’ in the sample. The FT-IR
spectra showed the characteristic absorption bands in the range of 400 cm−1 to 576 cm−1 due to
formation of ZneO and CoeO stretching bonds in the samples. Scanning Electron Microscope
(SEM) images show agglomerates of particles that are spherical in nature. Energy dispersive
spectroscopy (EDS) spectra of the samples giving molecular weight percentages of the elements
Zn, Co and O in the samples are in agreement with the calculated percentages within the limit of
permissible error. Hysteresis, FC, and ZFC measurements made on the samples, exhibit presence
of ferromagnetic phase in the materials. Energy band gap estimates made with the help of UV
spectroscopy indicated a decreasing trend of band gap with increasing ‘x’ in the sample.
Photoluminescence studies carried out with excitation wavelength of 318 nm gave several
emission peaks ranging from green to violet emissions. This observation confirms the presence of
vacancies (defects) in the nanoparticle samples. Luminescence decay time recorded was in the
range microseconds for all the samples.

1. Introduction

Diluted magnetic semiconductor (DMS) materials are of cosmic interest because of their unique selective properties and emerging
applications. Major investigations on DMS materials are focused on metal oxides, doped metal oxides, chalcogenide semiconductors,
and superparamagnetic iron oxide nanoparticles [1]. In case of doped materials, it is well established that their magnetic properties
strongly depend on the type and quantity of dopant material, the preparative method adopted and the conditions at preparation [2].
DMS materials are usually obtained by introducing a small amount of transition metal ions into the semiconductor host. These types
of materials are known to exhibit useful semiconductor and magnetic properties simultaneously. These materials have many useful
applications in the area of biomedical sensors, magnetic resonance imaging and an ultra new emerging area of electronics known as
spintronics. Spintronics is an area wherein both electron charge and spin can be explored for electronic communication [1,3], unlike
conventional semiconductors where electron charge forms the main component of conduction. Zinc Oxide (ZnO) a popular material
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found in abundance in nature and easy to prepare in the laboratory is being investigated on a large scale.
Group II-VI semiconducting materials such as cadmium selenide (CdSe), cadmium sulphide (CdS), zinc sulphide (ZnS), zinc

selenide (ZnSe), and zinc oxide (ZnO) own some unique properties highly useful for several applications [4,5]. Among these ma-
terials, ZnO has a stable hexagonal wurtzite structure with n-type electrical conductivity which is most suitable as a DMS material for
spintronics applications [8]. Moreover ZnO with wide band gap of 3.37 eV and high exciton binding energy of 60meV becomes
attractive for many optical applications [6,7]. Doping with transition elements like Cr, Mn, Fe, Co, Ni, or rare earth elements such as
Nd, Eu, Gd enhances the semiconducting properties which makes it more effectual for the development of novel magneto-electronic
and opto-electronic devices [7,9]. The incredible characteristics of ZnO makes it an important material in fields like cosmetics, gas
sensors, biosensors, storage devices, optical and electrical devices, solar cells, and also drug delivery systems [10,11]. Due to the
precise doping possibilities, ZnO enjoys superior potential for transparent oxide and high-temperature applications [1].

Currently transition metal and rare earth doped metal oxide materials such as ZnO, TiO2, SnO2, In2O3 as DMS materials have
generated great curiosity and are being investigated to testify its possible application as future spintronics materials [2,12]. Several
reports on use of dopants like Cr, Mn, Fe, Co, Eu, Gd for production of doped ZnO nanoparticles, thin films and bulk material have
been published [12–14]. Recently T. J. Castro et al. and Yinyun Lü et al. have reported that ferromagnetic ordering in Co-doped ZnO
nanoparticles is due to inclusion of Co in ZnO matrix [15,17]. However Anshu Singhal et al. in his report states that the activation of
ferromagnetism in Co and Ni -doped ZnO nanocrystals prepared by nonhydrolytic alcoholysis esterification elimination reaction
depends on defects developed in the material [16]. Anindita Samanta et al. have revealed that oxygen and Zinc related defects are the
main causes for induction of ferromagnetism in the cobalt-doped ZnO samples synthesized via chemical precipitation method [18].
S.H.U. Yuldashev et al. have investigated the origin of ferromagnetism in cobalt-doped ZnO thin films, the report suggests that the
occurrence of ferromagnetism is due to uncompensated magnetic moment arising from CoO nanoclusters embedded in the material
[19]. A thoughtful perception of the reports shows that occurrence of ferromagnetism in Co-doped ZnO is still a conjecture. These
studies do not provide a logical picture but a confused approach of the occurrence of ferromagnetism and other properties observed in
Co-doped ZnO nanoparticles.

The present article is a report on in-depth investigations carried out on structural magnetic and optical properties of Co-doped
ZnO nanoparticles prepared by combustion method. The auto-combustion method of sample preparation was preferred as it is simple,
involves minimal equipment, low grade chemicals, takes less preparation time and yields high purity material. The samples were
characterized with usual experimental techniques to establish the formation of monophasic nanoparticle sample with appropriate
stoichiometry prior to investigations of various properties of the samples. Investigations on structural, magnetic and optical prop-
erties of these materials have revealed interesting and exciting conclusions. The results presented and the deductions arrived at, do
provide a more logical approach as these differ from the ones that are reported. The lattice constants, bond lengths and cell volume
are found to enhance with increment in Co2+ concentration. The material exhibits diamagnetic nature at lower doping concentration
and undulates into ferromagnetic magnetization as the concentration ‘x’ is raised from 0.05 to 0.20. The evidence of ferromagnetism
in the samples comes from the hysteresis, ZFC and FC measurements carried out on the nanoparticle samples. The energy band gap
and the luminescence decay times in microseconds that dwindle with increase in the Co2+ concentration ‘x’ in the material
nevertheless provide passable support to conclude that Co2+ ions have actually gone in the ZnO matrix filling the vacancies created
by shortfall of Zn ions. Thus the report provides a comprehensive study on nanoparticle Co doped ZnO DMS material enriched with
interesting findings.

2. Experimental procedures

2.1. Materials preparation

Ultrafine particles of Zn(1-x)CoxO (x=0.05, 0.10, 0.15, 0.20) were prepared using auto-combustion method of sample preparation
[20,21]. Metal salts that include zinc acetate [C4H6O4Zn.2H2O], Cobalt (II) acetate tetrahydrate [(CH3COO)2.Co.4H2O] taken in
stoichiometric proportions along with Nitrilotriacetic acid (NTA) [C6H9NO6] and Glycine [NH2.CH2.COOH] taken in appropriate
proportions were dissolved in double distilled water. The solute in the solution was thoroughly mixed using a magnetic stirrer
maintained at 90 °C to obtain a homogeneous solution. The homogeneous solution was further heated on the magnetic stirrer at
100 °C for reduction of water content until it turns in to a thick viscous solution. The viscous solution was transferred to a shallow
plate that was placed on a heater. The solution was stirred continuously to minimize the effect of the temperature gradient within the
content. Continuation of heating makes the solution glutinous turning it into a thick dry mass which self-ignites to produce a greenish
colored ultrafine powder, which is the required sample. All samples were prepared following this method that enjoys several benefits
of being simple, cost effective as one can use lower grade chemicals, quick as it consumes less time and yield efficient as the sample
yield is high [69].

2.2. Characterization

X-ray powder diffraction technique forms an integral part of samples characterization process. One can determine the material
structure, purity of phase and crystallite size of the material in addition to other important information like cation distribution and X-
ray density. Room temperature X-ray diffraction (XRD) patterns for all the samples were recorded on Rigaku X-ray diffractometer
with Molybdenum target using Kα radiation with wavelength λ=0.7093Å. Since the wavelength is low, scanning range was set
between 10° to 40° with 2θ varying in steps of 0.02° at a scan rate of 2°/min. Rietveld refinement of XRD data was done using FullProf

K.Y. Salkar et al. Superlattices and Microstructures 126 (2019) 158–173

159



suite software. Fourier transform infra red (FTIR) absorption spectra of the samples in the wave number range of 400 cm−1 to
2500 cm−1 was obtained on SHIMADZU IR-800 Spectrometer by utilizing standard technique. The scanning electron microscope
CARL ZEISS EVO 18 was utilized to obtain SEM images and EDS spectra of the nanopowders whereas transmission electron mi-
croscope (TEM) images were obtained on TECHNAI G2 TEM with an accelerating voltage of 200 kV. The magnetic property mea-
surements were carried out at room temperature on Quantum Design's Versa Lab 3T vibrating sample magnetometer (VSM). A small
quantity of sample weighing 5mg was wrapped in Teflon tape and mounted on the sample holder for obtaining the hysteresis
measurements. The corrected data was obtained after eliminating the contribution of Teflon tape that was determined initially prior
to loading of the sample. Zero field cooled (ZFC) and field cooled (FC) magnetic moment data on the samples was obtained on the
same VSM setup. For obtaining Zero field cooled (ZFC) magnetic moment data, the sample was first cooled down from room tem-
perature to 50 K in absence of magnetic field, subsequently precise magnetic moment of the sample was recorded by increasing the
temperature of the sample in presence of constant applied magnetic field of 500 Oe. For obtaining field cooled (FC) magnetic moment
data, the sample was cooled from room temperature to 50 K with a magnetic field of 500 Oe and the required data was recorded as
the sample warms up. The complete measurement is automated and computer controlled through a software program which is
adjusted by feeding in the required parameters. Energy band gap of the samples was obtained from UV–visible absorption spec-
troscopy done in reflectance mode on Shimadzu 2401 PC UV Spectrophotometer. Adequate quantity of sample powder was pressed
into the sample holder and mounted on the spectrometer which is radiated with UV radiation in the wavelength range of
300 nm–800 nm. The photoluminescence spectra and lifetimes were recorded using PTI Spectrofluorometer QM-40. A 150W steady
xenon lamp source was used to obtain the photoluminescence data whereas 150W pulsed xenon source was used for recording the
photoluminescence lifetime data. The excitation wavelength of 318 nm was utilized for recording of photoluminescence spectra and
the decay times or the lifetimes of all emission wavelengths observed in the emission spectra.

3. Result and discussion

3.1. X-ray diffraction

Typical X-ray diffraction patterns acquired on the samples Zn(1-x)CoxO (x=0.05, 0.10, 0.15, 0.20) are shown in Fig. 1. Since the
X-ray beam is generated by Molybdenum target with wavelength λ=0.7093Å and not from Copper target having wavelength
λ=1.5418 Å, the inter planer spacing ‘d’ values evaluated from the data and the ‘d’ values obtained from the standard data (JCPDS-
79-2205) for Cu target with λ= 1.5418 Å are tabulated in Table 1. The lattice constant values ‘a’ and ‘c’, bond lengths ‘l’ and cell
volume ‘V’ obtained, shown in Fig. 2, Fig. 3 and Fig. 4 respectively are found to be in excellent agreement with the reported data
[22–24]. Consistency in the conformity of inter planer distance ‘d’, the lattice constants values and the bond length values with
reported data authenticates formation of monophasic wurtzite phase samples. This also ascertains successful substitution of Co2+ ions
in place of Zn2+ ions sites inside ZnO matrix [22,23,25]. Dominance of 〈101>peak in all XRD patterns, with intensity higher than
that of the other peaks suggests superior growth of 〈101>orientation along c-axis [26,27].

The variation of ‘a’, ‘c’ with Co concentration ‘x’ presented in Fig. 2 shows responsiveness of these parameters to inclusion of Co2+

ions in ZnO matrix. There is a minor rise in both the lattice constants ‘a’ and ‘c’ when ‘x’ increases from 0.05 to 0.10 and 0.15 to 0.20.
However, there is a drastic enlargement in their values when ‘x’ changes from 0.10 to 0.15 which is unique and interesting, such
trends are far from reported results. This type of unique variation is also observed in bond length shown in Fig. 3 and cell volume in
Fig. 4. As per Hermann–Mauguin notation the wurtzite structure ZnO has a hexagonal unit cell with lattice parameters ‘a’ and ‘c’ in
the ratio of c/a= (8/3)1/2= 1.633 in an ideal case, belong to P63mc space group. In the current investigations, the ratio c/a equals
1.632 for all the samples and matches with the ideal value. Increasing trends of both the parameters ‘a’ and ‘c’ reveals that Co2+ has
entered into the octahedral environment in the wurtzite structure and it has drastically enhance the parameters leading to a disorder

Fig. 1. Rietveld refined XRD patterns of Zn(1-x)CoxO with (a) x=0.05, (b) x=0.10, (c) x=0.15, (d) x=0.20.
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in the lattice. It may be noted that when Co2+ is in the octahedral environment in the low spin state, it has ionic radius of 0.65Å but
when in high spin state it has an ionic radius of 0.745Å both of which are larger than Zn2+ ionic radius of 0.60Å [25,28].

The internal parameter ‘u’, nearest neighbor ZneO bond length ‘l’, in wurtzite structure and the unit cell volume ‘V’ for the
hexagonal structure are obtained using equations (1)-(3) respectively.

= +u a
c

1
3

( ) 1
4

2

2 (1)

Table 1
Comparison of ‘d’ spacing from JCPDS-79-2205 with Rietveld refinement data obtained on nanoparticle Zn(1-x)CoxO (x=0.05, 0.10, 0.15, 0.20).

hkl d spacing in Å d spacing in Å (Rietveld refinement)

(JCPDS-79-2205) Zn0.95Co0.05O Zn0.90Co0.10O Zn0.85Co0.15O Zn0.80Co0.20O

100 2.814 2.835 2.838 2.851 2.854
002 2.606 2.627 2.627 2.631 2.634
101 2.478 2.497 2.499 2.502 2.504
102 1.912 1.923 1.923 1.928 1.928
110 1.626 1.633 1.634 1.638 1639
103 1.478 1.484 1.484 1.486 1.489
200 1.408 1.413 1.416 1.417 1.421
112 1.379 1.384 1.385 1.388 1.388
201 1.359 1.243 1.308 1.247 1.310
004 1.302 1.096 1.100 1.099 1.101
202 1.239 1.046 1.049 1.049 1.049

Fig. 2. Variation of lattice constant ‘a’ and ‘c’ with Co concentration.

Fig. 3. Variation of Bond length ‘l’ with Co concentration.
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The variation of bond length ‘l’ and the unit cell volume ‘V’ with ‘x’ is depicted in Figs. 3 and 4. It may be observed that ‘l’
increases from 1.988 Å to 1.994 Å whereas ‘V’ increases from 145.263Å3 to 146.617Å3 as ‘x’ enhances from 0.05 to 0.20. The flare-
up in these values with enhancement in ‘x’ is essentially due to Co2+ mending in high spin state in octahedral environment of the
wurtzite structure during the material formation process [29,30]. A close examination of bond length ‘l’, cell volume ‘V’, and the
lattice constants ‘a’, ‘c’ demonstrate identical rising trends as ‘x’ increases from 0.05 to 0.20 in the nanoparticle samples. These facts
provide the required conclusive substantiation that all of Co2+ added goes in to high spin state in the material.

The crystallite size was determined using Williamson-Hall analysis and size-strain plot method using equation (4).

= +cos k
t

sin4 (4)

Where, β is the full width at half the maximum intensity of the XRD peaks in radians, θ is half of the angle 2θ at peak position in degrees, k is
the shape factor (0.9), λ is the wavelength of X-rays, ‘t’ is the crystallite size in nm and ε is the strain. The values of βcosθwere plotted against
4sinθ and the intercept was used to obtain the crystallite size (t) [31,32]. The crystallite size ‘t’ shown in Fig. 5 as a function of ‘x’ is seen to
decrease with ‘x’ which may be due to the fact that, the growth of nanoparticles during the formation of the samples is impaired by slowing
down the movement of the grain boundaries following increased pinning effect of fine pores in the samples [33,34]. When the moving
boundaries connect the pores, the particle growth is hindered by generating a retarded force, a phenomenon termed as Zener-pinning effect.
The retarding force generated at the boundary is proportional to the boundary length attached to these ions and the pores. The maximum
force generated by a single pore on such a moving boundary is Fmax= Πrpγb where γb is the grain boundary energy and rp is the obstacle
radius [34]. Thus the particle growth is stalled when the retarded force overwhelms the driving force enforcing grain growth. Therefore the
inclusion of Co2+ ions in the ZnO matrix creates impediments for grain growth which increases with Co concentration thereby lowering
grain size as visible in Fig. 5. Thus the enhancement of doping concentration indirectly helps in keeping a lower particle size.

Fig. 4. Variation of Unit Cell Volume ‘V’ with Co concentration.

Fig. 5. Variation of Crystallite size ‘t’ and Lattice strain with Co concentration.
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3.2. Particle size estimation from SEM and TEM micrographs

Scanning electron microscopy (SEM) and Transmission electron microscopy (TEM) are essential tools that provide information
about microstructure and help in estimating the average particle size of the material. Room temperature SEM micrographs of the
sample Zn(1-x)CoxO (x=0.05, 0.10, 0.15, 0.20) are shown in Fig. 6. The micrographs show agglomerates of the nanoparticles that are
spherical in shape with typical particle size ranging from 25 nm to 55 nm. However an average particle size of 21 ± 3 nm was
obtained from the TEM micrograph of the sample Zn0.85Co0.15O shown in Fig. 6. (e). The estimate arrived at by using Image J
software, over an ensemble size of 50 particles is in good agreement with crystallite size obtained from XRD data. This analysis of
SEM and TEM micrographs confirms formation of nanoparticle material.

The elemental composition of (a) Zn0.95Co0.05O, (b) Zn0.90Co0.10O, (c) Zn0.85Co0.15O, (d) Zn0.80Co0.20O has been analyzed using
the energy dispersive spectroscopy (EDS). The EDS spectra obtained on all the samples are shown in Fig. 7. The EDS pattern attests
the existence of Zn, Co and O elements with no other impurity element in the nanosamples. Experimental and calculated elemental

Fig. 6. SEM micrographs of (a) Zn0.95Co0.05O, (b) Zn0.90Co0.10O, (c) Zn0.85Co0.15O, (d) Zn0.80Co0.20O and e) TEM image of Zn0.85Co0.15O at room
temperature.

Fig. 7. EDS analysis of (a) Zn0.95Co0.05O, (b) Zn0.90Co0.10O, (c) Zn0.85Co0.15O, (d) Zn0.80Co0.20O.
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weight percentages in all the samples displayed in the inserts Fig. 7 are in good agreement within the limits of experimental errors.
EDS pattern further provides the obligatory evidence of successful substitution of Co2+ ions into the ZnO matrix ruling out the
possibility of additional trace impurities entering the material.

Fig. 7. (continued)

Fig. 7. (continued)

Fig. 7. (continued)
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3.3. Fourier Transform Infra-red spectroscopy

Fourier Transform Infra-red spectroscopy (FTIR) is an essential tool in materials characterization that is capable of identifying the
presence of impurity traces in the freshly prepared materials. Different elemental bonds that exist in compounds vibrate/rotate at
different frequencies that fall in infra-red region. Exposure of these materials to IR energy gives rise to resonance absorption bands in
the FTIR spectra. FTIR spectra of Zn(1-x)CoxO (x=0.05, 0.10, 0.15, 0.20) were recorded at room temperature using KBr pellet
method. Several stretching and vibrational bonds can be identified from the FTIR spectra presented in Fig. 8. One can identify two
main absorption bands first one in the range of 400 cm−1 to 576 cm−1 and the second in the range of 650 cm−1 - 700 cm−1. These
bands are attributed to the ZneO stretching bonds and CoeO vibrational bonds in the lattice. The occurrence of second band is due to
addition of Co2+ into the ZneO lattice [35,36]. In addition to the two main absorption bands another set of three small absorption
bands in the range of 1385 cm−1 to 1400 cm−1, 1550 cm−1 – 1680 cm−1, and 2280 cm−1 to 2390 cm−1, could be also identified and
are listed in Table 2. The absorption band in between 1385 cm−1 to 1400 cm−1 corresponds to the asymmetrical and symmetrical
stretching vibration of the carboxylate group (COO−) that could be originating from fuel Glycine [NH2.CH2.COOH] [24,37]. The
sample for FTIR spectra is prepared by mixing it with hygroscopic KBr which results in an absorption band between 1550 cm−1 –
1680 cm−1 due to HeOeH bending vibration [38]. Absorption band in the range 2280 cm−1 to 2390 cm−1 corresponds to the
bending of CO2 molecule that is present in the air [38,39].

Thus identification of bonds like Zn-O and Co-O along with their characteristic vibrational frequencies from FTIR spectra confirms
formation of impurity free monophasic sample.

3.4. Magnetic Properties

The results of room temperature magnetic hysteresis measurements made on the samples are shown in Fig. 9. The inserts in the
figure show the enlarged view of the hysteresis curves near origin. The sample with lowest Co2+ concentration retains the dia-
magnetic behavior of ZnO whereas the other three samples with higher Co2+ concentration exhibit ferromagnetic behavior. This
implies that introduction of trace amount of Co (x=0.05) is incapable of altering the diamagnetic behavior of the sample [40]. The
largest magnetic moment is observed for sample containing highest Co2+ concentration [41,42]. The magnetization of these samples
advances linearly above 2–3 kOe of the applied field. The linear increase of magnetization in the M-H loops can be explained on the
basis of strong d-d exchange interaction coupled with Co2+ ions which increases with increase in Co2+ doping. At low level
(x=0.05) of Co2+ doping, d-d exchange interaction if present is very weak and limits the sample from going into a ferromagnetic
state. Thus the Co2+ doped samples at this concentration level do not exhibit ferromagnetism. The origin of increasing magnetization

Fig. 8. Fourier transforms infra red spectra for Zn(1-x)CoxO (x=0.05,0.10,0.15,0.20) at room temperature.

Table 2
FTIR vibration band frequencies of Zn(1-x)CoxO (x=0.05, 0.10, 0.15, 0.20) nanoparticles.

Sample ZneO Stretching Mode
(Cm−1)

ZneOeCo Stretching Mode
(Cm−1)

carboxylate group Stretching
(Cm−1)

HeOeH Bending Mode
(Cm−1)

CO2 Bending Mode
(Cm−1)

Zn0.95Co0.05O 418 667 1384 1556 2359
Zn0.90Co0.10O 416 667 1384 1633 2359
Zn0.85Co0.15O 441 675 1384 1629 2359
Zn0.80Co0.20O 447 675 1384 1626 2359
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in the M-H loops at higher concentrations of x=0.15, 0.20 can be explained on the basis of Co2+ going in the high spin state. Co2+

(4s03d7) ions in high spin state configuration has three unpaired electrons as shown in Fig. 10, this creates a high spin environment in
the wurtzite structure leading to enhancement in the magnetization [52]. Thus for samples with x=0.15 and 0.20 the high spin
environment and strong d-d exchange interaction rapidly enhances the magnetization giving rise to ferromagnetism in these samples.
Although the samples with x=0.10, 0.15, 0.20 exhibit ferromagnetism which is higher in magnitude, the samples are far from
attaining a stable saturation state [43,44].

To investigate the perspective aspect about the magnetic behavior in nano DMS materials, variation of magnetization with respect
to temperature (M-T curves) were obtained under zero field cooled (ZFC) and field cooled (FC) conditions with an applied magnetic
field of 500 Oe. The magnetization of the samples as seen from Fig. 11 is found to decrease with increasing temperature. This is due to

Fig. 9. Hysteresis loop of Zn(1-x)CoxO (x=0.05, 0.10, 0.15, 0.20) at room temperature.

Fig. 10. Co2+ (4s03d7) high spin electronic configuration.

Fig. 11. Zero field cooled (ZFC) and Field cooled (FC) Plots for Zn(1-x)CoxO with (a) x=0.05, (b) x=0.10, (c) x=0.15, (d) x=0.20 under 500 Oe.
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increase in thermal agitation of the atoms which results in non-alignment of the atoms in the magnetic field. Normally a decrease in
magnetization with increasing temperature is an indication of the paramagnetic behavior of a material [45]. However at a given
temperature, the difference between the corresponding magnetization value on FC and ZFC curves gives the net ferromagnetic
contribution of the sample by deducting paramagnetic and diamagnetic contributions at that temperature [46]. In the present case,
the distinct separation between FC and ZFC curves with the presence of irreversibility temperature of 398 K, 395 K and 389 K for last
three samples indicates presence of ferromagnetic ordering in these samples. It may be seen that decrease of irreversibility tem-
perature with increase in Co2+ concentrations is an indicator of an increase in ferromagnetic ordering. This behavior can very clearly
be seen in the hysteresis curves given in Fig. 9.

For a sample with x=0.05 irreversible temperature could not be seen till 400 K which is the limit of the instrument. This may be
due to the low value of doping concentration which can be also visible from the M-H curve in Fig. 9. Moreover, the smooth fall of ZFC
and FC curves with rising temperature without any cusp indicates absence of characteristic FM to SPM or FM to PM transition
[47,48]. Since the samples are free from impurity phases such as CoO or Co3O4, no antiferromagnetic ordering was observed that is
normally rampant in presence of these types of impurities that annihilates ferromagnetism in materials [49]. Thus the natures of FC
and ZFC curves supports formation of impurity free material and justify induction of ferromagnetism in the samples which is ex-
clusively due to exchange interactions between the localized d-electrons in Co2+ atoms.

3.5. UV–visible spectroscopy

UV absorption spectra of the samples Zn(1-x)CoxO (x=0.05, 0.10, 0.15, 0.20) measured at room temperature in the wavelength
range 300 nm - 800 nm is shown in Fig. 12(a). These measurements were performed to study the effect of Co2+ doping on the band
gap of the material and to testify the substitution of Co2+in the ZnO structure. It is observed that absorbance is maximum for lower
Co2+ concentration and decreases slowly with increasing Co2+ concentration in ZnO. It is known that total UV absorbance depends
on factors like lattice strain, crystallite size, oxygen deficiency, impurity centers, surface roughness, agglomeration of the nano-
particles etc [70]. Particle size dependent agglomeration of particles in the samples restricts the sample area exposed to the radiation.
It can be seen from Fig. 5 that increase of lattice strain with Co2+ concentration ‘x’ restricts the crystallite growth thereby reducing
the crystallite size in the sample. Thus reduction in crystallite size will result in reduced UV absorption that is being reflected in the
energy band gap of the systems. Secondly PL studies show reduction in peak intensities with increasing ‘x’ which implies that oxygen
deficiency in the samples decreases as Co2+ content increases in the samples. Moreover X-ray and EDS affirm formation of impurity
free samples. Consequently these observations provide adequate evidence on reduction of UV absorbance with increasing Co2+

concentrations in the samples [70,71].
Three additional humps at 568 nm (2.18eV), 612 nm (2.03eV) and 660 nm (1.88eV) are observed for all samples as shown in

Fig. 12(a). These humps are due to d‑d6 electronic transitions which are known to occur from the ground state 4A2 to 2A1, 4T1 and 2E1

Fig. 12. (a) UV absorbance spectra, (b) Plots of (αhv)2 versus photon energy (hν), (c) linear regression fit for Zn(1-x)CoxO (x=0.05, 0.10, 0.15,
0.20).
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state for the tetrahedral Co2+ ions [50,51]. The presence of Co2+ in high spin state at tetrahedral environment is known to create
lattice distortion which is furthermore confirmed by X-ray studies [52]. The presence of these three peaks in the visible region
indicates the successful incorporation of Co2+ ions in the Zn2+ tetrahedral sites of the ZnO matrix [50–52]. A random UV absorption
effect is seen in case of absorption by d-d transition levels in the samples. Samples with x=0.05, 0.20 show lower absorption then
samples with x=0.10, 0.15. This variation in absorbance may be due to factors like particle size, reduction in impurity centers,
surface roughness and agglomeration of particles which cannot be controlled by any nanoparticles materials preparation method.

The energy band gap for Co-doped ZnO samples was calculated from Tauc's plots as per equation (5) in which A is constant, hυ the
photon energy, Eg is the energy band gap, n=½ for allowed direct transitions and n= 2 for allowed indirect transitions [53].

(αhυ)=A (hυ−Eg)n (5)

Fig. 12(b) shows Tauc's plots (αhυ)2 V hυ for the samples with the inset showing corresponding direct band gap energy values
obtained. These precise band gap values of Co-doped ZnO were obtained using linear regression fit at higher energy values taken from
tauc's plots as shown in Fig. 12(c). The highest energy band gap value Eg= 3.02 ± 0.11 eV at x=0.05 was found to decrease
linearly to a value of Eg= 2.55 ± 0.03 eV at x=0.20 thus escalating the optical wavelength which is an indication of a red shift in
the band gap [54,55]. The reduction in energy band gap with Co2+ concentration [insert in Fig. 12 (b)] is attributed to the
exchange interaction between the localized d-electrons of Co2+ atoms and the s-p band electrons of ZnO [56,57].

3.6. Photoluminescence

The photoluminescence (PL) emission spectra of the sample Zn(1-x)CoxO (x=0.05, 0.10, 0.15,0.20) obtained at room temperature
with an excitation wavelength of 318 nm is shown in Fig. 13. In general, the overall PL intensities follow a decreasing pattern as the
Co2+ concentration increases in the sample. The sample Zn0.95Co0.05O shows most intense PL spectra with a wide spread in the

Fig. 13. Room temperature PL spectra of (a) Zn0.95Co0.05O (b) Zn0.90Co0.10O (c) Zn0.85Co0.15O (d) Zn0.80Co0.20O.

Fig. 14. Variation of PL intensity with Co concentration.
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greenish-yellow region. The emission spectra for higher values of Co2+ concentration gets more refined and is found to show specific
peaks in different color regions in place of a broad spread seen between 500 nm and 600 nm. The emission wavelengths and their
peak intensities are seen to become sharper and distinct with a minor slide down in overall intensities. The variation of the most
intense peak intensities for wavelengths namely 410 nm, 466 nm, 547–550 nm and 579 nm as a function of Co2+ concentration ‘x’ are
shown in Fig. 14. The decrease in PL intensity observed is due to the creation of defect states below the conduction band that
decreases with increasing ‘x’ in the ZnO matrix. Some of the electrons excited from valence band slow down at the defect states
without reaching the conduction band [58] resulting in decreased PL intensity. It may be seen that for a given concentration, green
emission is the most intense emission except for sample with x=0.05 where greenish-yellow emission takes the maximum intensity.

The PL emission peaks in three different regions namely violet, blue and green as shown in Table 3 have been observed for all the
samples. Zinc oxide by itself has a large band gap (3.3 eV) which goes on decreasing from 3.02 ± 0.11 eV to 2.55 ± 0.03 eV due to
the addition of Co2+ in the ZnO matrix. Reports suggest that these emissions in the visible region are result of intrinsic defects created
in the samples, which include Zn vacancies (VZn), O vacancies (VO), interstitial Zn (Zni), interstitial O (Oi), and intermediate levels
formed between valence band and conduction band due to Co2+ substitution at Zn2+ positions [52,59].

The emission peak observed in violet region at 410 nm for all the samples is due to existence of defects such as interstitial Zn (Zni)
and Zn vacancies (VZn) related to interface traps existing at the grain boundaries of the nanoparticles [60,61]. Five emission peaks
observed in blue region (436 nm–492 nm) for all the samples, could be due to transition from interstitial Zn (Zni) to the valence band
or transition from the bottom of the conduction band to the interstitial O (Oi) level [59,62]. Two emission peaks observed in green
region (547 nm–579 nm) for all the samples, may be attributed to the presence of different types of defects such as oxygen vacancies
(VO) and zinc vacancies (VZn) in the samples [63,64].

Table 3
PL emission wavelengths and intensities of Zn(1-x)CoxO (x=0.05, 0.10, 0.15,0.20) at room temperature obtained with excitation wavelength of
318 nm.

Co Concentration x Violet Emission wavelength
(nm)

Intensity (a.u) Blue Emission wavelength
(nm)

Intensity (a.u) Green Emission Wavelength
(nm)

Intensity (a.u)

Zn0.95Co0.05O 410 65602 436 61919 550 129213
450 68197 579 143152
466 78858
481 66280
491 69312

Zn0.90Co0.10O 410 51868 437 43208 547 68206
452 50977 578 50277
466 60902
482 50572
492 53115

Zn0.85Co0.15O 410 41120 438 38781 548 62003
450 42214 578 50803
466 49746
481 41536
491 43753

Zn0.80Co0.20O 410 38309 438 42242 547 53804
450 46588 577 44718
466 52254
481 41708
491 42206

Fig. 15. Variation of PL intensity with emission wavelength for Co concentration x=0.05, 0.10, 0.15 and 0.20.

K.Y. Salkar et al. Superlattices and Microstructures 126 (2019) 158–173

169



From Fig. 15. It may be seen that PL peak positions (emission wavelengths) do not differ with variation of Co2+ concentration in
the samples. However for any given wavelength the peak intensity decreases with increasing Co2+ concentration. This observation
implies that the numbers of defect states or intermediate energy states are lowered on increasing Co2+ concentration in the sample.
Secondly increase in emission intensity at higher wavelengths suggests that the defect centers or the unoccupied energy states at
higher energy level close to conduction band are fewer in number compared to similar states at low energy level close to valence
band. Thus it may be seen that there is no increase in the number of defect states with increase in Co2+ concentration in the sample.

3.6.1. Photoluminescence lifetime
Photoluminescence (PL) lifetime spectra for the sample Zn(1-x)CoxO, (x=0.05, 0.10, 0.15, 0.20) was recorded at room tem-

perature. The samples were excited with excitation wavelength of 318 nm and decay times for four prominent emission wavelengths
between 410 nm and 579 nm were recorded. The PL decay curves given in Fig. 16 were fitted with single exponential function as
specified by equation (6).

I = A exp (−t/τ) + I0 (6)

Where I0 and I are the initial and instantaneous luminescence intensities, A is a constant, t the measurement time and τ represents the
lifetime of the PL emission [65].

The calculated values of PL lifetime τ tabulated in Table 4 are in microseconds. The variation of τ and Io with emission wavelength
for the samples is shown in Fig. 17 (a) and (b) respectively. It is observed that τ for the samples show a mixed trend. The PL lifetimes
on an average are seen to increase with increase in emission wavelengths for every individual sample but the order is not maintained
with concentration ‘x’ in the samples. The short lifetime decay could be due to the radiative recombination of near-surface excitons

Fig. 16. PL lifetime of Zn(1-x)CoxO with (a) x=0.05, (b) x=0.10, (c) x=0.15, (d) x=0.20 at room temperature with excitation wavelength
318 nm.

Table 4
Room temperature PL lifetimes observed for Zn(1-x)CoxO (x=0.05, 0.10, 0.15,0.20) with excitation wavelength of 318 nm.

Emission wavelength (nm)
λ

Io (a.u) Lifetime τ (μS) Emission wavelength (nm)
λ

Io (a.u) Lifetime τ (μS)

Zn0.95Co0.05O Zn0.90Co0.10O

410 0.756 6.738 ± 0.041 410 0.560 6.637 ± 0.052
466 0.520 6.742 ± 0.040 466 0.432 6.762 ± 0.041
550 0.463 6.758 ± 0.038 547 0.247 6.962 ± 0.045
579 0.102 9.086 ± 0.048 578 0.066 8.951 ± 0.086

Zn0.85Co0.15O Zn0.80Co0.20O

410 0.536 6.138 ± 0.034 410 0.356 6.611 ± 0.039
466 0.410 7.126 ± 0.056 466 0.281 6.712 ± 0.044
548 0.196 7.403 ± 0.097 547 0.138 7.280 ± 0.068
578 0.069 7.969 ± 0.081 577 0.059 7.814 ± 0.097
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and due to the presence of surface defects [66,67]. The long lifetime decay for emission wavelengths in the range 466 nm–579 nm,
could be due to donor-acceptor pair recombination [68]. Fig. 16 (b) shows that the initial Intensity Io decreases with increase in Co2+

content and rise in emission wavelength.

4. Conclusion

Investigations were carried out on nanoparticle Co2+ doped ZnO DMS material prepared using auto combustion method.
Formation of single-phase hexagonal wurtzite structured nanoparticle material was confirmed by using XRD, FTIR, SEM, EDS and
TEM spectroscopy. Rietveld refinement using FullProf software was performed on XRD data obtained on the samples. Enhancement
of structural parameters like lattice constants, bond lengths and cell volume with increase in Co2+ concentration has been attributed
to substitution of Zn2+ with Co2+ that goes in to high spin state with bigger ionic radius in the matrix. The constant value of c/a ratio
that is in proximity to the ideal value of c/a=1.633 for all the samples indicates that Co-doped ZnO matrix is formed with minimum
distortion in the crystal structure. Reduction in crystallite size was observed due Zener-pinning effect in the material that hinders the
crystallite growth and nucleation process. SEM Micrograph shows agglomerates or clusters of the nanoparticles that are almost
spherical in shape. EDS spectra further substantiates formation of materials with Zn, Co and O as the only constituent elements with
appropriate proportions in the nanosamples. Formation of nanoparticle samples was confirmed from TEM micrographs. Magnetic
studies carried out showed that at lowest Co concentration the sample exhibits diamagnetic phase which changes to ferromagnetic
phase as the concentration ‘x’ is raised from 0.05 to 0.20. Thus doping of ZnO with Co2+ magnetic ions introduces a spin property in
the host material which is evident from FC and ZFC curves. UV–visible spectra show that replacement of Zn2+ ions by Co2+ ions
produces materials with reduced energy bang gap that changes from 3.02 ± 0.11 eV to 2.55 ± 0.03 eV. The photoluminescence
spectra shows broad and sharp emission peaks in violet, blue, green and greenish yellow range with PL intensities decreasing with
increase in Co2+ concentration. The in-depth analysis of PL spectrum further substantiates replacement of Zn2+ by Co2+ in the ZnO
matrix. PL lifetimes of these emissions were found to range between 6μ Sec to 9μ Sec which are considerably higher than reported
data. However, on an average, the PL lifetime increases with increase in emission wavelengths. Thus the investigations affirm that the
DMS nanoparticle material prepared by combustion method is monophasic, impurity free and displays superior ferromagnetic
properties. The material has both semiconductor and ferromagnetic properties hence can be useful in variety of applications.
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