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Abstract
Zn1−xCoxO (x= 0, 0.001, 0.005, 0.01, 0.02, 0.04, and 0.06) nanoparticles (NPs) were synthesized by sol–gel method.
Ingestion of Co2+ ions in the ZnO crystal lattice created defects without disturbing the original crystal structure of ZnO. This
is confirmed by the X-ray diffraction (XRD) studies and is also observed in the photoluminescence (PL) emission study
where the Co-doped ZnO NPs have shown emissions in the green and yellow-orange regions of visible spectrum. XRD and
transmission electron microscopic (TEM) analysis showed reduction in crystallite size from 29 to 14.5 nm and from 51 to
36 nm, respectively, with increase in Co2+ ions concentration. Optical absorption spectroscopic studies (UV-visible
spectroscopy) of these samples show significant peak shift towards higher energy (blue shift), which is in accordance with
the Kubo’s theory. Magnetic properties were studied using quantum designed vibrating sample magnetometry (VSM), which
confirmed that Co-doped ZnO NPs exhibit room temperature ferromagnetism (RTFM) for the samples having high Co
concentration. With these notable properties, this study suggests that Co-doped ZnO NPs may be useful in the field of
optoelectronic devices and memory-storage devices as well.

Graphical Abstract
The graphical abstract for the manuscript shows that, with increase in cobalt (Co) doping concentration, the magnetization
increases significantly at low temperature (10 K) and room temperature (300 K).
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Highlights
● Co-doped ZnO nanoparticles were synthesized using Sol-gel technique and characterized.
● Effect of Co-doping on the structural, optical and magnetic properties are discussed in detail.
● With increase in Cobalt doping concentration, crystallite size as well as particle size of as-prepared Co-doped ZnO

samples decreases, which in turn casues increase in the crystallite strain.
● From the Magnetization-Hysteresis (M-H) curve analysis, it is revealed that Room temperature ferromagnetism (RTFM)

is present in Co-doped ZnO NPs with high values of coercive field (Hc).

Keywords Sol–gel ● Strain ● Defects ● Vacancies ● RTFM ● DMS

1 Introduction

Nano-dimensioned zinc oxide (ZnO) has become a promi-
nent material of research interest in past few years due to its
vast range of industrial applications in opto-electronics
(nano-piezotronics, ultraviolet (UV) detectors, transparent
solar cells, chemical sensors, and gas sensors) [1], medicinal
material (drug carriers) [2, 3], transparent UV protection
films, and low voltage and short-wavelength electro-optical
devices [4, 5] and spintronics [6]. The reason for this ver-
satility of ZnO is attributed to its wide band gap (3.37 eV),
large exciton binding energy (60MeV), and also it possess
structure-dependent properties [1]. Among these applica-
tions, recently, the utilization of ZnO as a spintronic
material has attracted significant attention of the researchers
due to its ability to replace conventional semiconductor
electronics for information technology devices [7, 8]. In this
context, the most important type of spintronic material is the
diluted magnetic semiconductors (DMSs). Though, it was
reported that undoped ZnO exhibits ferromagnetic (FM)
properties at room temperature [9, 10], still the room tem-
perature saturation magnetization is extremely small to be
utilized for practical application. In order to enhance the
magnetization and its utilization in DMS and spintronics,
doping with transition metal (TM) ions (such as Ni, Co, Mn,
and Ni) was employed to adjust the energy band gap of
ZnO, which in turn improves its magnetic properties [1, 11–
13]. It was observed that the substitution of Zn2+ ion in ZnO
crystal lattice by a 3d TM ion introduces FM behavior in the
ZnO mainly by intrinsic defects or impurity phases, while
preserving its semiconducting properties [1, 11]. Most
important attention is emphasized on the fact that the FM
properties should only be intrinsic and not due to presence
of any of dopant magnetic clusters [14]. These parameters
have enabled the researchers to enhance the room-
temperature ferromagnetism (RTFM) in TM-doped ZnO
for their advanced applications in spintronic devices [1, 11].

Both undoped and TM-doped ZnO nanoparticles (NPs)
have been synthesized chemically using techniques, such as
co-precipitation, sonochemical, hydrothermal, and sol–gel
methods, as well as via physical methods such as physical
vapor deposition, chemical vapor deposition, spray pyrolysis,

pulse-laser deposition, and flame decomposition of
metal–organic compounds and combustion techniques [15–
18]. Among these available methods, sol–gel technique is
considered as most suitable technique for NP synthesis
because of the advantages like low synthesis temperature,
high purity, homogenous particle size distribution, and low
capital costs [12]. Among various TM dopants reported so far,
Cobalt (Co) is considered as the best dopant material because
of its abundant electron states, large solubility in the ZnO
matrix, and also cobalt has a similar ionic radius (0.58 Å) to
that of Zn (0.60 Å) [15, 19]. Also, the doping of Co2+

increased the magnetization values because Co2+ in the half-
filled 3d shell has five spins, which normally gives a max-
imum dipole moment value of 3 μB per Co ion [11].

After extensive literature survey, it was discovered that
the TM ions doped-ZnO NPs still continues as an open
topic for further exploration in RTFM. In this work, the
authors report an investigation on structural, morphological,
optical, and magnetic properties of ZnO NPs doped with
cobalt (Co2+) ions synthesized via sol–gel method [20].
Here cobalt (Co2+) has been selected as dopant
material because of the two reasons: (i) Co2+ ions are stable
in alcoholic medium and they can replace zinc ion without
creating cationic vacancy, (ii) these ions can occupy
tetrahedral sites very easily that can in turn induce many
different structural and optical properties [20]. The effect
of cobalt incorporation on structural and optical properties
was investigated using X-ray diffraction (XRD),
transmission electron microscopy (TEM), UV-visible
spectroscopy, photoluminescence (PL) spectroscopy, and
quantum designed superconducting quantum interference
device (SQUID) vibrating sample magnetometer (VSM)
techniques.

2 Experimental procedure

Co-doped ZnO {(x= 0, 0.001, 0.005, 0.01, 0.02, 0.04, and
0.06)} samples were prepared by sol–gel technique by using
zinc acetate dehydrate (Zn(CH3COO)2.2H2O) as zinc pre-
cursor and cobalt acetate tetrahydrate (Co(CH3COO)2.4H2O)
as cobalt precursor and monoethanolamine (MEA) as a
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stabilizer and complexing agent. All the chemicals and pre-
cursors were purchased from Sigma-Aldrich (99.99% pure).
Equi-volume ethanolic solutions of zinc acetate (0.2M) and
cobaltous acetate were prepared using ethanol as a reaction
medium. Following the standard rules of stoichiometry, dif-
ferent concentrations of cobalt acetate and zinc acetate were
mixed thoroughly by proper stirring at 500 rpm for 1 h. After
that, a calculated amount of MEA was added drop-wise to the
stirring solution, which resulted in clear, transparent, and
homogeneous solution. The molar ratio of MEA to metal ions
was maintained at 1.0. The above complex solution then
continuously stirred at 65 °C for 3 h under constant speed and
the as-prepared solution is then aged for 48 h at room tem-
perature to obtain a homogenous gel. The gelled samples
were then dried at 140 °C for 12 h and finally calcined at
500 °C for 4 h under air ambience. The obtained material was
then finely grinded using agate mortar and pestle to obtain the
desired ZnO samples. Table 1 shows the details of the pre-
pared samples.

All the characterizations were performed at room tem-
perature. The crystal structure and purity of the samples was
characterized using X-ray diffractometer Rigaku MiniFlex
II (1.54 Å Cu-Kα radiation) in the range 20°–80° (2θ) at
scan rate of 0.5° min−1. Morphology of the samples was
studied by 120 kV High-Resolution Transmission Electron
Microscope (JEM-1400, Jeol, Japan). Optical absorption
spectrum of the samples was obtained by Perkin Elmer
LAMBDA 25 UV–Visible spectrophotometer, while emis-
sion property was characterized by Hitachi F-7000 PL
Spectrophotometer. Magnetic measurements were carried
out using quantum designed SQUID VSM Magnetometer
(Model: MPMS-3, Make: Quantum Design Inc., USA).

3 Results and Discussion

3.1 Crystal structure analysis: XRD

The structural information of pure ZnO and Co-doped ZnO
samples were analyzed by XRD patterns using Rietveld

refinement method and are represented in Fig. 1. All the
diffraction peaks in the obtained patterns are well matched
with the JCPDS file #36-1451 of the standard ZnO and can
be indexed corresponding to the hexagonal reflections of the
wurtzite ZnO. No characteristic peaks of the impurity were
observed for all the samples.

The X-ray data were from the XRD pattern (Fig. 1), no
characteristic phases of cobalt oxide, cobalt traces, or any
other impurity phases were observed which suggest that Co

Table 1 Details of synthesized
undoped and Co-doped ZnO
(Zn1−xCoxO) samples

S.No. Sample Molar ratio Reaction
temperature

Calcination
temperature

Heating time

Zinc acetate
(1− x)

Cobalt acetate
(x)

1. CP0 1 0 65 °C 500 °C 4 h

2. CP1 0.999 0.001 65 °C 500 °C 4 h

3. CP2 0.995 0.005 65 °C 500 °C 4 h

4. CP3 0.99 0.01 65 °C 500 °C 4 h

5. CP4 0.98 0.02 65 °C 500 °C 4 h

6. CP5 0.96 0.04 65 °C 500 °C 4 h

7. CP6 0.94 0.06 65 °C 500 °C 4 h

Fig. 1 Rietveld refinement profiles of X-ray diffraction data of the
undoped and Co-doped ZnO samples. The red lines represent the
observed data while the solid black line through the red line shows the
calculated profile. The difference pattern of the observed data and
calculated profile (blue line) is provided below Bragg reflections
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is substituted at Zn sites and the wurtzite crystal lattice
remained intact. Also, with increase in Co2+ ion con-
centration, the diffraction peaks show broadening and slight
shift toward lower Bragg angle (2θ), which represents the
reduction in crystallite size as well as presence of uniform
strain [15]. The average crystallite size (d) of as-prepared
samples was calculated using Scherrer’s equation
[15, 17, 21, 22],

d ¼ 0:9λ
βcosθ

ð1Þ

where λ is the incident radiation wavelength (λ= 1.54Å), β
is the peak full width at half maxima, and θ is the Bragg’s
angle. Lattice parameters (a and c) were determined using
the formula:

sin2θ ¼ λ2

4
4
3

h2 þ hk þ k2

a2

� �
þ l2

c2

� �
ð2Þ

where h, k, and l are the Miller indices [15, 17, 21, 22].
Variation in the lattice parameters (a and c) and the
corresponding unit cell volume (V= 0.866a2c) of the
as-prepared samples were calculated and are represented
in Table 2.

The cell volume of Co-doped ZnO NPs was found to
increase with increase in Co2+ ion concentration, which is
in accordance with the Vegard’s law [11]. The ratio of
lattice parameters (c/a) for all Co-doped ZnO NPs had the
value 1.73, which is slightly higher than that of standard
value of ZnO (c/a= 1.62), which suggests that the doping
of Co2+ takes place by producing some lattice defects but
without affecting the overall structure of ZnO.

The nature of microstrain (εzz) in the samples along c axis
was calculated and tabulated in Table 2, using the equation

εzz ¼ c� c0
c0

� �
� 100 ð3Þ

where co is the unstrained lattice parameter and c is the
lattice parameter calculated from the XRD data [15]. The
relation between crystallite size and strain could be
explained using Williamson–Hall (W-H) method [15] given
by:

βcosθ ¼ kλ=d þ 4εsinθ ð4Þ
This equation represents the Uniform Deformation

Model (UDM), which assumes that the strain is uniform in
all crystallographic directions [15]. The values of crystallite
size calculated from both Debye–Scherrer formula and W-H
analysis are tabulated in Table 2. From Table 2, it was
observed that the crystallite size of the Co-doped ZnO NPs
reduces with increase in the Co2+ ion concentration. This
observation is well supported by the corresponding increase
in the value of strain (ε). Positive value of εzz accounts for
the tensile strain and is in good agreement with the obtained
from W-H analysis [1]. The crystallite size (d), calculated
using Scherrer’s formula and W-H analysis, decreases with
increase in Co2+ doping entailing that Co2+ ions inhibit the
nucleation and growth rate of nanocrystals. Gandhi et al.
[11] reported that substitution of Co2+ in an interstitial
position affects the concentration of the interstitial Zn, O,
and Zn vacancies, which in turn is reflected via changes in
Bragg’s angle (2θ), broadening of peak width (β), and
reduction of crystallite size.

3.2 Morphological analysis: TEM

TEM images (Fig. 2a–g) shows the morphology of the as-
prepared undoped and Co-doped ZnO samples (CP0–CP6).
All the samples were analyzed at 120 kV accelerating vol-
tage, and for better analysis, all the samples were studied at
50 nm scale. TEM images show the presence of homo-
genous, well-dispersed particles having well-defined grain
boundary. Figure 2a shows that undoped ZnO sample have
spherical-like morphology with well-defined grain bound-
aries and no sign of agglomeration (shown in center). It is

Table 2 Calculated values of
average crystallite size for the
ZnO samples by UDM (W-H
plot), Scherrer formula and
FESEM and strain

Sample Average crystallite size Strain (ε)
(from W-
H plot)

Strain along c axis
(εzz) (from Eq.
3) (%)

Lattice parameters

UDM
(W-H plot)

Scherrer
formula

a (Ǻ) c (Ǻ) Volume (V)
(in Ǻ3)

CP0 29.1 nm 39.7 nm 1.30 × 10−3 0.91 3.2472 5.2015 47.496

CP1 19.0 nm 24.9 nm −1.32 × 10−3 1.30 3.2474 5.2017 47.504

CP2 17.6 nm 23.9 nm −1.35 × 10−3 1.40 3.2497 5.2058 47.603

CP3 17.5 nm 23.7 nm −1.47 × 10−3 1.51 3.2502 5.2058 47.623

CP4 15.7 nm 21.3 nm −1.7 × 10−3 1.59 3.2504 5.2068 47.638

CP5 15.0 nm 20.3 nm −2.1 × 10−3 1.75 3.2509 5.2072 47.657

CP6 14.7 nm 20.2 nm 2.45 × 10−3 1.88 3.2520 5.2082 47.698

FESEM field-emission scanning electron microscopy, UDM Uniform Deformation Model
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observed that the doping of Co2+ does not radically alter the
shape of the particles (Fig. 2b–g).

Slight variation in the morphologies is observed that may
be due to the presence of Co2+ ions in the ZnO lattice,
which would have produced some strain/stress in the ZnO
matrix and resulted in slight variation of the seed mor-
phology, though it can be observed that particles are
attracted to each other which may be attributed to the
magnetic property of Co2+ ions that had caused particles to
agglomerate. But it can also be seen that there is no sign of
boundary diffusion which suggests that the particles formed
are of uniform shape and are well dispersed. The agglom-
eration of particles increases with increase in Co2+ doping
concentrations as are clearly revealed in Fig. 2b–g. The
average particle size calculated from TEM images ranges

from 51 nm (for undoped ZnO sample) to 29 nm (for CP8)
(enlisted in section 4.5, Table 4). This shows that, with
increase in Co2+ concentration, average particle size of
Co–ZnO NPs reduces when compared to undoped ZnO
surmising small grain growth of doped samples.

Figure 3a, b represents the selected area electron dif-
fraction (SAED) pattern of undoped and Co-doped ZnO
(CP6) samples. From the SAED pattern, it can be inferred
that the particles are of nano-dimensions and are homo-
genous in nature [23]. The diffraction rings obtained from
SAED pattern can be indexed to the reflections of hex-
agonal wurtzite structure of ZnO. From Fig. 3b, it can be
observed that no other rings belonging to Co-oxide or its
associated phases are obtained that suggests the incorpora-
tion of Co2+ ions in ZnO lattice site without any growth or

Fig. 2 Transmission electron microscopic images showing morphology of as-prepared undoped and Co-doped ZnO samples (a–g: CP0–CP6,
respectively)
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development of any extra plane in the crystalline structure
of ZnO [23]. High-resolution TEM (HRTEM) image of
CP6 sample (Fig. 3c) reveals the lattice spacing of 0.50 nm,
which corresponds to the interplanar spacing of wurtzite
ZnO (002) plane.

3.3 Optical emission analysis: PL spectroscopy

Optical emission of the undoped and Co-ZnO samples was
studied by room-temperature PL spectroscopy. The samples
were excited at 325 nm excitation wavelength and the
emission spectrum of each sample was plotted, as shown in
Fig. 4.

According to the literature [15, 20, 24], increase in
number of emission peaks represents an increase in defect
levels in the material. The position of the peaks provides
information about the depth and type of defects in the
material [20]. From the emission spectra (Fig. 4), the
emissions can be categorized into two groups: (i) a near-
band edge emission around 380 nm (which originates from
the recombination of free excitons [24]) is observed for

undoped ZnO and CP1 samples only, (ii) major emission
peaks in the visible region centered around 400–435 nm

Fig. 4 Emission spectrum of the undoped and Co-doped ZnO nano-
particles excited at 325 nm

Fig. 3 a, b Selected area electron diffraction pattern of undoped and Co-doped samples, respectively. c Transmission electron microscopic image
showing different planes of Co-doped sample

Journal of Sol-Gel Science and Technology (2019) 91:324–334 329



(violet region), 450–490 nm (blue region), 510–532 nm
(green region), and around 553 nm (yellow region). Violet
emissions arise due to the presence of zinc-related defects,
i.e., zinc interstitial or zinc vacancy where transition of
electron between zinc defect level and valance band causes
the violet luminescence [25]. Blue and green emissions
arise due to lattice defects developed as a result of com-
pressive strain produced at the intrinsic crystal lattice
[15, 24], which leads to the formation of oxygen and zinc
vacancies and interstitials simultaneously causing transi-
tions of energy from conduction band or zinc interstitials to
the vacant zinc sites resulting in blue emission, while the
same originating from deep levels cause green emissions
[15, 25]. Emission peaks around 553 nm (yellow region) is
observed for Co-doped ZnO samples (CP1–CP6) that arise
because of oxygen interstitials [15]. It may be inferred that
high O−/O2− ion concentration leads transitions of holes
from conduction bottom to the oxygen interstitial site
emitting yellow emissions around 2.2 eV [15, 24]. CP5 and
CP6 samples show emissions in orange region also
(575 nm), which are attributed to the increased oxygen
vacancies along with zinc interstitials [24]. The PL spectra
of the ZnO samples show high intensity emissions in broad
visible region with respect to the increasing Co2+ ion con-
centration which infers that these NPs could be utilized for
opto-electronic devices and UV sensor applications.

3.4 Magnetization measurements: quantum
designed SQUID VSM magnetometer

The magnetization measurements of the undoped and Co-ZnO
samples were performed using a quantum designed SQUID
VSM magnetometer. The magnetization–hysteresis curves (M-
H) were measured within magnetic fields (H) range of ±70 kOe
(70 T) for different temperatures ranging from 10K to 300K
and are represented in Fig. 5a. Also, temperature-dependent
magnetic properties, i.e., magnetization–temperature (M-T)
measurements for zero field-cooled (ZFC) and field-cooled
(FC) processes were measured at low magnetic field (500Oe)
in the temperature range from 10K to 300K (shown in Fig. 6).

Figure 5 shows the M-H curves of the undoped and Co-
doped ZnO NPs measured between ±70,000 Oe (7 T)
magnetic field at 10 K and 300 K, respectively. The values
of coercive field (Hc) and remnant magnetization (Mr) for
undoped and Co-doped ZnO samples were calculated from
the M-H curves and mentioned in Table 3. From the Table
3, it was revealed that Hc value increases with increase in
the Co2+ concentration and decreases with increasing tem-
perature. This may be attributed to the thermal effects
causing alignment of the magnetic domains [26].

The M-H curves of the Co-doped ZnO NPs show nearly
S-shape behavior at low temperature region while they

exhibit approximate linear field dependence at room tem-
perature. From the M-H curves, it was observed that the
undoped ZnO shows diamagnetic behavior, while for Co-
doped NPs the magnetization increases with increase in Co
doping. Many researchers have reported that pure ZnO has
characteristic diamagnetic behavior [1, 13, 14], and similar
finding was observed in this case also. It was also inter-
esting to observe that the magnetization does not saturate
even at 7 T, which suggests that there exists an anti-FM
contribution along with the FM interactions within the
doped samples [26]. From the M-H curves, it can be
inferred that all Co-doped samples exhibit FM behavior
with hysteresis loops. This was obvious and is attributed to
the tendency of Co magnetic moments that align sig-
nificantly at lower temperature [27]. Though the magneti-
zation at RT is lower than that of at 10 K, still it is much
higher (by order of ~102 and more) than those reported by
researchers previously [13, 14, 24–28].

Magnetic behavior of all samples at low temperature
(between 10 K and 300 K at 500 Oe) was studied by ZFC
and FC measurement. The M-T plots shown in Fig. 6 reveal
that FC and ZFC curves bifurcate at different temperatures
for Co-doped ZnO samples. The bifurcation of the FC and
ZFC curves starts at around 20 K, which indicates the onset
of magnetic ordering in the doped ZnO samples [24]. High
value of magnetization at low temperature is the primary
characteristic of DMS material [24, 26]. Hence, it can be
inferred that the doped ZnO NPs consists of both FM and
paramagnetic domains at low temperature and is directly
proportional to the doping concentration. This can also be
observed from the M-H curves of the NPs (Fig. 5a).

Many researchers have deliberated several theories to
explain the origin of FM in TM-doped ZnO NPs, but still
the exact reason is unexplained [1, 3]. From the survey of
many reports, it was understood that the possible reasons for
FM in TM-doped ZnO NPs are: (i) the interrelationship
between defects and magnetism, (ii) secondary phases
(extrinsic defects) in the parent crystal lattice [29, 30], and
(iii) intrinsic defects, such as Zn vacancy (VZn), interstitial
defects, and oxygen vacancy (Vo) [23]. In the present study,
FM due to extrinsic factors cannot be justified because the
XRD and TEM studies clearly show the absence of any
secondary and/or impurity phase in all of the Co-doped
samples. Thus it can be stated that the cause of RTFM in
this case is only due to internal defects. Similar results were
obtained by Guruvammal et al. [23] also, whose report
suggests that the origin of RTFM was due to the exchange
interaction between the localized spin of Co2+ electron
moments resulting from oxygen vacancies (Vo). The addi-
tion of Co2+ ions in ZnO lattice increases the oxygen
vacancies, which in turn increase the carrier density (e−)
and their interaction causes all the spins of Co2+ ions to
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align either in same direction or spin up/down, thus
resulting in onset of FM in Co-doped ZnO samples [23].
These results are in good agreement with PL results also.

From the above discussion, it can be concluded that an
increase in magnetization is associated mainly with the
increase in oxygen vacancies due to the existence of mag-
netic Co2+ ions within ZnO lattice, leading to the
enhancement of the FM behavior in Co-doped ZnO NPs
[3, 31, 32]. Hence, it can be suggested that these Co-doped
NPs may find application in memory-storage devices also.

3.5 Optical absorbance analysis: UV-visible
spectroscopy

Effect of Co-doping on the optical absorbance of ZnO was
also studied by UV-visible spectroscopy done in the range

200–650 nm. For comprehensible observation, absorbance
spectrum of the CP0, CP1, CP3, and CP6 samples with
respect to the incident wavelength (λ) is represented and is
shown in Fig. 7 (inset).

From the absorbance spectrum (Fig. 7 (inset)), it was
inferred that the absorption spectra show blue shift in the
absorption edge of the Co-doped ZnO samples with
increase in Co2+ ion concentration and also with respect to
undoped ZnO sample. The shape and width of the absor-
bance peak gives a general idea about the particle size
distribution in the sample [15]. According to Kubo theory
[15], the absorption band shifts to blue region of visible
spectrum with reduction in particle size and consequently
increases the band gap. It has also been reported in the
literature [15, 33, 34] that, for nano-dimensioned particles,
the separation of energy level occurs as the interaction

Fig. 5 aMagnetization–hysteresis (M-H) curves of undoped and Co-doped ZnO nanoparticles measured at: 10 K, and 300 K. bMagnified inset (of
a) for sample CP6
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between the atomic energy levels is reduced and quantum
effects are dominant. The optical band gap (Eg) of the ZnO
samples was determined using two methods,

(i) Energy–wavelength equation [15, 35]:

Eg ¼ hc

λ
ð5Þ

where h is the Planck’s constant, c is speed of light, and λ is
the absorption wavelength.

Fig. 6 a–f Magnetization–temperature (M-T) curves of Co-doped ZnO nanoparticles (NPs) measured in temperature range 10–300 K at 500 Oe
magnetic field. (Inset: M-T curve of undoped ZnO NPs)

Table 3 Remnant magnetization (Mr) and coercive field (Hc) values
calculated from M-H curves (@10 K)

Sample Mr (emu/gm) Hc (Oe)

CP1 7.85 × 10−4 140

CP2 8.66 × 10−4 194

CP3 1.12 × 10−3 286

CP4 1.43 × 10−3 342

CP5 4.46 × 10−3 400

CP6 4.78 × 10−3 510
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(ii) Absorption spectra fitting method (Tauc’s equation)
[36]

αhv ¼ B hv� Eg
� �n ð6Þ

where B is a constant, hν is the energy of incident photons,
and value of n depends upon the type of transitions (1/2 for
allowed direct, 2 for allowed indirect, 3/2 for forbidden direct,
and 3 for forbidden indirect transitions), Eg is the band gap
and α is the absorption coefficient, (α ¼ 2:303A

t where A is the
absorbance obtained from the graph and t is the sample
thickness (in mm)) [15]. Figure 4 shows the variation of
(αhν)2 with respect to incident photon energy (hν). The
optical band gap of the samples was obtained by extrapolating
the linear portion of the graph on y axis [15, 37] (Table 4).

From Table 4, it can be observed that, with increase in
Co2+ ion concentration, the samples show blue shift in the

absorption edge that indicates the reduction in particle size
and increase in the energy band gap. This is in accordance
with the Kubo’s theory [15]. Slight variation in the values
of band gap obtained from both the methods are due to the
fact that energy–wavelength method considers only the
absorption edge of the spectra, hence the role of overall
particles in the band gap is not taken into account, because
at absorption edge, only the largest particles contribute to
the absorbance, while Tauc’s equation determines the true
optical band gap of the material [15, 38]. The results
obtained are in accordance with the TEM analysis.

4 Conclusion

Undoped and Co-doped ZnO NPs were successfully prepared
in ethanolic medium by sol–gel method, which resulted in
reduction of the average crystallite size (from 29 to 13 nm)
with increase in Co2+ ion concentration. XRD study reveals
that, with increase in Co2+ ion concentration, the number of
defects increases with increase in value of strain. Structural
analysis from TEM shows that Co-doped ZnO NPs are
spherical in shape with a slight variation from spherical
morphology with increasing Co2+ ion concentration.
Absorption studies show blue shift in the absorption edge due
to which energy band gap increases from 3.76 to 3.93 eV with
respect to increase in Co2+ ion concentration. This is in
accordance with the Kubo theory. Room temperature PL
spectra show broad and intense emissions in the visible region
that are related to Vo defects, which are directly proportional to
the Co2+ ion concentration. VSM studies revealed the pre-
sence of RTFM in Co-doped ZnO NPs with high values of
coercive field (Hc). Results so obtained advocate that these
NPs are suitable for applications in optoelectronic devices as
well as in memory-storage devices also.
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Fig. 7 Tauc plot of the undoped and Co-doped ZnO samples using
absorption spectra fitting method (Inset: Absorbance spectra of the
corresponding samples)

Table 4 Energy band gap of the undoped and Co-doped ZnO NPs
calculated from optical absorption spectra

Sample Absorption
edge (λ)

Eg (by
energy–wavelength
equation Eg= 1240/λ)
(in eV)

Eg (by
Tauc
plot)
(in eV)

Average
particle
size (TEM
analysis)

CP0 337 nm 3.67 3.76 51 nm

CP1 334 nm 3.71 3.80 47 nm

CP2 332 nm 3.73 3.84 45 nm

CP3 331 nm 3.74 3.87 43 nm

CP4 329 nm 3.76 3.90 41 nm

CP5 325 nm 3.81 3.92 39 nm

CP6 321 nm 3.86 3.96 36 nm

NP nanoparticle, TEM transmission electron microscopy
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