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Nanostructured ZnO thin films doped with cobalt from 5% to 20% were grown on glass substrates by a low-temperature chemical
bath deposition (CBD) technique. We compared the doping efficiency of incorporating cobalt in ZnO nanostructured samples
doped with cobalt via cobalt nitrate and cobalt chloride. The concentration of cobalt incorporated into the ZnO matrix was
precisely determined using inductively coupled plasma mass spectroscopy (ICP-MS). Scanning electron microscopy (SEM)
images showed that only at a 0.1M ratio of the precursor solutions in CBD using cobalt nitrate as a dopant, the morphology of
ZnO yielded hexagonally shaped nanorods. At a 1M ratio of the precursor solutions, SEM images showed that the morphology
of ZnO was nanoplatelets at all doping levels, irrespective of the doping method used. The synthesized nanostructures retained
the wurtzite hexagonal structure only at 0.1M precursor solution using cobalt nitrate doping, which was confirmed by X-ray
diffraction (XRD) studies. In cobalt-doped samples using cobalt chloride as a dopant, XRD analysis confirmed the formation of
a Simonkolleite structure. At 300°C, the Simonkolleite structure was converted to a wurtzite structure without changing the
morphology. Electrical conductivity measurements at 300K showed that ZnO nanorods doped with cobalt using cobalt nitrate
yielded the lowest resistivity. The molarity of the precursor solution and dopant was found to have a substantial impact on the
morphology and doping efficiency of the ZnO nanostructures.

1. Introduction

Transparent semiconductors made of conductive oxides can
provide antireflection coatings to facilitate higher absorption
in solar cells. Currently, various nanostructured materials are
studied for controlling light to increase absorption in photo-
voltaic (PV) cells. Zinc oxide has a wide range of useful opti-
cal and electronic properties which make it a promising
material for optoelectronic devices. Recent studies show that
optical, magnetic, and electrical properties of ZnO nano-
structures can be controlled by defect centers and defect den-
sities present in the ZnO lattice [1, 2]. Among transition
metals, cobalt is a promising material for doping ZnO due
to its similar ionic radius, abundant electronic states, and
the divalent state [1, 3]. In addition, cobalt-doped ZnO sam-
ples exhibit remarkable optical and magnetic behavior even
for small concentration of cobalt substitution in the ZnO

structure (<2.0 at.%) [4]. Cobalt-doped ZnO thin films and
nanostructures have been prepared by several deposition
methods including sputtering, sol-gel, spin coating, sol-
vothermal, ultrasonic spray, and pulsed laser deposition
methods [5–10].

For developing a low-cost, scalable deposition method,
for fabricating ZnO nanostructures, we used a chemical bath
deposition (CBD) method that can easily incorporate metal-
lic dopants. Our group has developed a scalable, low-
temperature chemical bath deposition method by which the
morphology, doping levels, and aspect ratio of the nanostruc-
tures can be easily controlled [11–14]. ZnO is known to
exhibit a wide range of morphologies from nanowires and
nanorods to plate-like structures [15]. A solution-based
method to dope nanostructures with dopants such as cobalt,
aluminum, cadmium, and manganese to tune the index of
refraction as well as bandgap can be easily incorporated into
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the CBD process. Doping of transition metals in ZnO results
in bandgap reduction or enhancement depending on the
dopant used [16, 17].

In this study, we report the dependence of doping on
morphology, optical property, absorption, electrical con-
ductivity, and photoluminescence (PL) of ZnO nanostruc-
tures doped with cobalt ranging from 5% to 20% grown
on glass substrates. We have compared the doping effi-
ciency in two sets of samples (0.1M and 1M of precursor
solutions in CBD) doped with cobalt via cobalt nitrate
and cobalt chloride.

2. Methods and Materials

Doped and undoped ZnO nanostructures were grown on
a glass substrate by a chemical bath deposition (CBD)
method. Zinc nitrate hexahydrate (Zn(NO3)2·6H2O,
≥99.5%), zinc chloride (ZnCl2, ≥97%), cobalt nitrate hexa-
hydrate (Co(NO3)3·6H2O, ≥98%), cobalt chloride hexahy-
drate (CoCl2·6H2O, ≥98%), and hexamethylenetetramine
(C6H12N4, ≥98%) (HMTA) were purchased from Sigma-
Aldrich (USA). Before deposition, glass substrates were
cleaned with dilute hydrochloric acid, acetone, isopropa-
nol, and deionized water.

Basic steps in fabricating ZnO nanostructures using the
chemical bath deposition (CBD) are illustrated in Figure 1.
ZnO Nanowire (NW) arrays were grown on a glass substrate
using the CBD process we developed in the lab [11–14, 18–
20]. The substrate was suspended vertically in an equimolar
(0.1M or 1M) solution of zinc nitrate hexahydrate or zinc
chloride and hexamethylenetetramine (HMTA), which were
used as precursors. The reaction was carried out for 6 hours
at 95°C in an oven. The vertically grown nanostructures were
annealed at 300°C for an hour. To fabricate ZnO nanostruc-
tures doped with cobalt, either cobalt chloride or cobalt
nitrate with different Co/Zn molar ratios was added to the
chemical bath precursor solution.

2.1. Characterizations. Structural characterization of pre-
pared ZnO nanostructures on glass substrates was done with
an FEI Inspect S50 scanning electron microscope (SEM). The
X-ray diffraction pattern for the ZnO nanostructures was
recorded using an X-ray diffractometer (CuKα radiation,
λ = 1 54056 A0). Dopant concentrations were analytically
determined using an ELAN DRC II ICP Mass Spectrometer.
The absorption spectra of samples were measured with a
Varian Cary 50 Scan UV-Vis spectrometer. Photolumines-
cence (PL) was measured using a Jasco FP-6500 Spectrofluo-
rometer. Electrical conductivity was measured using MMR
H-50 Hall (Van der Pauw) equipped with a cryostat.

3. Results and Discussions

3.1. Inductively Coupled Plasma Mass Spectroscopy (ICP-MS)
Studies. The percentage of cobalt incorporated into the doped
samples was measured using inductively coupled plasma
mass spectroscopy (ICP-MS). Table 1 summarizes the ICP-
MS results. By comparing the measured cobalt percentage
from deposited films to the estimated cobalt percentage

based on stoichiometry, the cobalt percentage in ZnO sam-
ples doped with cobalt chloride matches better than the
cobalt content in ZnO nanostructures doped with cobalt
nitrate. These differences might be due to the solubility of
cobalt in the zinc hydroxide host lattice. It is well known that
during the doping process, cobalt adopts the tetrahedral sites
such as (OH)4 sites in the nitrate precursor and (OH)3Cl in
the chloride precursor [21, 22]. Thus, we believe that Co++

ions most likely favored to incorporate into tetrahedral
(OH)3Cl sites rather than tetrahedral (OH)4 in comparison
to the Zn++ leading to the low incorporation of Co++ in the
nitrate route of doping.

According to the growth mechanisms of nanostructures
using two different routes, which will be discussed later, the
incorporation of cobalt into the ZnO nanostructure can be
described as follows. For nitrate salt with low molar concen-
tration, the growth is along the c-axis (nanorods). Zinc and
cobalt are mostly in the form of Zn++ ions and some cobalt
complexes, respectively. There are no preferential electro-
static interactions between the surfaces of the ZnO nanorods
and the different complexes in aqueous solution for low con-
centration [23]. So the chances of cobalt incorporation are
low. This was seen in ICP-MS analysis results as actual cobalt
incorporation is very low for 0.1M concentration than the
expected cobalt concentration. As the concentration of
nitrate salts is increased (1M) and the precursor solution of
chloride is used (0.1M and 1M), both cases give rise to the
formation of 2D nanostructures. Therefore, as growth pro-
ceeds, more negative Co(OH)2 complexes are adsorbed on
the positive surfaces of 2D ZnO nanostructures and act as
capping agents to inhibit their development, favoring the
cobalt uniform incorporation into ZnO. This type of face-

Substrate

Doping

Cobalt nitrate
or cobalt chloride

HMTA+zinc nitrate
or zinc chloride

Figure 1: Chemical bath deposition (CBD) method for growing
ZnO nanostructures.

Table 1: ICP-MS results for 5% to 20% cobalt-doped ZnO samples.

Co %
(expected)

ICP-MS results (%)
Cobalt nitrate Cobalt chloride

0.1M 1M 0.1M 1M

5 1 07 ± 0 43 3 38 ± 0 27 3 28 ± 0 26 4 49 ± 0 32
10 3 13 ± 0 38 7 06 ± 0 25 9 17 ± 0 23 9 30 ± 0 28
15 6 18 ± 0 34 11 10 ± 0 22 12 60 ± 0 19 14 68 ± 0 27
20 9 08 ± 0 29 14 83 ± 0 22 20 63 ± 0 17 19 08 ± 0 24
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selective electrostatic control in the CBDmethod is discussed
earlier by Joo et al. [24] for aluminum-doped ZnO nano-
structures. On the other hand, chloride as precursor salts
gives rise to the formation of additional Co2(OH)3Cl com-
plexes [25] which are absorbed by the positive surface of
ZnO nanosheets. As a result, a significant amount of cobalt
is incorporated into ZnO nanostructures following the
possible dissociation of more Co(OH)2 and Co2(OH)3Cl
complexes during growth and subsequently as the annealing
at 300°C is accomplished. A similar type of mechanism was
discussed by Verrier et al. [23, 26] and Winkler et al. [27]
for aluminum- and magnesium-doped ZnO nanostructure,
respectively. Based on these arguments, we can say that
cobalt percentage in ZnO nanostructures doped with the
cobalt chloride route matches better than the cobalt content
in ZnO nanostructures doped with the cobalt nitrate route.

3.2. Morphology and GrowthMechanism.Morphological var-
iations in cobalt-doped ZnO nanostructures were measured
using SEM. Figure 2 shows the typical morphology of ZnO
nanostructured films at 0.1 and 1.0 molarities in 10%
cobalt-doped ZnO via cobalt chloride and cobalt nitrate. As
it is evident from these images, cobalt doping via nitrate pre-
serves the nanorod structure at 0.1M. Figures 3(a) and 3(b)
show the undoped and 5% cobalt-doped ZnO nanorods. As
the doping level is increased, we observe an increase in
ZnO nanorod diameter (Figure 3(c)) with cobalt concentra-
tion doped via cobalt nitrate (0.1M). This can be explained
as cobalt can create a complex with hydroxide during the
growth process, which reduced the reaction between Zn++

and OH- ions altering the overall nucleation process. This
mechanism can promote lateral growth rather than perpen-
dicular growth; as a result, the diameter of nanorods
increases [20, 28]. At a 1M ratio of the precursor solutions,
SEM images show a morphological pattern in the form of
platelets at all doping levels, irrespective of the doping
method used (Figures 2(b) and 2(d)).

The set of overall reactions most often referenced in the
literature for ZnO deposition from Zn(NO3)2 and HMTA
precursors at 95°C is [29–31]

CH2 6N4 + 6H2O→ 6HCHO + 4NH3, 1

NH3 + H2O⇆NH+
4 + OH−, 2

2OH−+Zn++ ⇆ Zn OH 2, 3

Zn OH 2 → ZnO +H2O 4

First, HMTA decomposes upon heating to form formal-
dehyde and ammonia (equation (1)). Ammonia reacts with
water to produce OH− (equation (2)), which energizes the
crystallization of ZnO (equations (3) and (4)), which is non-
soluble, and therefore precipitates homogeneously and het-
erogeneously if a substrate is present in the precursor
solution. It has been suggested in many works of literature
that Zn(OH)2 forms before the growth of ZnO, which then
grows through a dissolution and reprecipitation mechanism,
where Zn(OH)2 acts as a reservoir of zinc [31]. ZnO, not
Zn(OH)2, forms as the final product because of the pH of

the solution, which is buffered by HMTA [31]. The morphol-
ogy of the as-synthesized ZnO nanostructures strongly
depends on the experimental conditions, particularly the
concentration of Zn++ ions, which might change the reaction
rate of the hydroxylation (equation (3)) and dehydration
(equation (4)), thereby enabling the adaptation of the growth
behavior of ZnO nanostructures [32, 33].

The dehydration reaction plays an essential role in the
precursor solution containing a low concentration of
Zn++ ions [32, 34]. Thus, Zn(OH)2 can be converted into
ZnO as soon as it is produced, leading to the formation
of one-dimensional ZnO nanostructures such as nanorods
(Figure 2(c)) because of the anisotropic growth along the
(0001) direction of the hexagonal wurtzite structure. When
the concentration of the precursor solution is high, dehydra-
tion of Zn(OH)2 could be delayed because of the relatively
faster hydroxylation reaction due to the high concentration
of Zn++ ions [33]. As a result, the growth along the (0001)
direction or c-axis might be changed to the other preferred
growth direction, such as 0110 and 1010 [34, 35], which
can give rise to the formation of 2D nanostructures such as
nanosheets or closely packed bunches [34, 36]. Therefore,
at very high concentration of precursor solution, the quantity
of Zn++ ions derived from the precursor will increase, thus
generating more nucleation sites, and aggregate and eventu-
ally will lead to the very dense growth of nanostructures
(closely packed bunches (Figure 2(d))).

In the case of the chloride precursor, we believe that the
capping effect plays a key role in the anisotropic growth of
ZnO nanostructures due to excessive Cl- ions (equation
(5)). When we used ZnCl2 as the precursor solution, Cl

- ions
would be adsorbed preferentially on the positive polar face of
the (0001) surface, which prevented the contact of Zn(OH)4

2-

on the (0001) surface and thus limited the crystal growth
along the c-axis, redirecting the growth along other nonpolar
direction. The resulting nanostructures, therefore, have the
preferred growth direction of 1010 and appear as a 2D
plate-like structure, as illustrated in Figure 2(a). It should
be noted that while we expect that similar adsorption of Cl-

ions would have occurred on the polar (0001) plane in the
case of high concentration, the slow hydroxylation kinetics
allows sufficient time for ion exchange, hence preventing sig-
nificant surface capping by Cl- ions. However, at a sufficiently
high concentration (1M), a more capping effect of Cl- will
take place which increases nanostructure size. Additionally,
in the case of ZnCl2, the formation of HCl as a byproduct
occurs during the growth process. According to Smith and
Rodriguez-Clemente [37], HCl vapor molecules act as a cap-
ping agent during the film growth by lowering the specific
surface energy of polar faces; this slows down their growth
and controls the shape of the nanostructures. Similar results
[34, 38] were reported by using potassium chloride (KCl)
electrolyte for the growth of ZnO nanostructures.

Zn++ + x OH − + yCl− → Zn OH xCly 5

3.3. X-Ray Diffraction (XRD) Studies. XRD images of
cobalt-doped ZnO nanostructures with different doping
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concentrations are shown in Figure 4. For 0.1M cobalt
nitrate-doped samples, all the peaks match well with the hex-
agonal wurtzite structure of ZnO (JCPDS card 79-2205). As
no peaks are indicating the presence of cobalt metal clusters
as well as cobalt oxides, cobalt ions are incorporated into
the ZnO lattice without changing the wurtzite structure of
the ZnO. With an increase in the cobalt concentration, the
preferential growth along the c-axis becomes more and more
observable in ZnO nanostructures (Figures 4(a) and 4(c)).
For 1M cobalt nitrate-doped samples, the XRD image was
confirmed to be of zinc hydroxide nitrate (Zn5(OH)8(-
NO3)2·2H2O, JCPDS card 24-1460). Similarly, for cobalt
chloride-doped samples (0.1M and 1M), the product was
confirmed to be Simonkolleite or zinc chloride hydroxide
monohydrate (Zn5(OH)8Cl2·H2O, JCPDS card 07-0155) as
shown in Figure 4(b). From XRD data, it appears that the
growth is more reinforced within the basal direction rather
than the transverse direction at higher molarity using the
nitrate salt as well as the chloride salt. This type of growth
pattern might originate from the hexagonal facet in nucle-
ation and subsequent layer growth mode like Frank-van der
Merwe-driven process along the (003) plane [39]. We can

also infer that the high concentration of nitrate and chloride
ions favors the formation of the layered hydroxide structure.
By calcination, the Simonkolleite structure is initially con-
verted into zinc oxide by releasing HCl and H2O as

Zn5 OH 8Cl2 · H2O → 300°C 5ZnO + 2HCl + 4H2O 6

By annealing the samples at 300°C in the air for 2 hours,
the Simonkolleite phase is transformed into the pure ZnO
phase as shown in Figure 4(c). However, SEM analysis
revealed that the transformed ZnO phase completely main-
tains the platelet morphology of Simonkolleite even after
annealing at 300°C. Similarly, by annealing at 300°C in the
air for 2 hours, the zinc hydroxide nitrate structure is con-
verted into the pure ZnO phase as

Zn5 OH 8 NO3 2 · 2H2O→ 300°C 5ZnO + 2HNO3 + 5H2O
7

3.4. Optical Studies. Optical measurements in cobalt-doped
ZnO nanostructures were performed using a UV-Vis Cary

3 �휇m(a)

(a)

3 �휇m(b)

(b)

3 �휇m(c)

(c)

3 �휇m(d)

(d)

Figure 2: SEM images of 10% cobalt-doped ZnO nanostructures via cobalt chloride ((a) 0.1M precursor and (b) 1M precursor) and cobalt
nitrate ((c) 0.1M precursor and (d) 1M precursor).
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50 spectrometer. Figure 5 shows the optical absorption spec-
tra of cobalt-doped ZnO nanostructures at room temperature
for the nanostructures grown at various cobalt concentra-
tions (doped with either cobalt nitrate or cobalt chloride).
For all doped nanostructures, the absorption intensity
increased and absorption peaks shifted towards longer wave-
lengths. With cobalt doping, the absorption spectra became
broader after the UV peak observed at 385nm, which might
have been caused by surface-related defects in nanostruc-
tured ZnO [40–42].

The bandgap of ZnO nanostructured films can be esti-
mated by applying the Tauc relationship using the following
expression [43]:

αhv = C hv − Eg
1/2, 8

where Eg is the bandgap energy, C is an energy-independent
constant, and α is the absorption coefficient calculated using
the following relation:

α = 2 303A
t

, 9

where A is the absorbance and t is the thickness of the
ZnO films.

The optical bandgap was determined by extrapolating the
linear region in the αhυ 2 versus hυ plot to the horizontal
axis. Figures 6(a) and 6(b) show the plots of αhυ 2 versus
photon energy for the 0% and 15% cobalt-doped ZnO nano-
rods. Regardless of the route taken to achieve doping, the
bandgap in cobalt-doped ZnO decreases with doping as
shown in Figure 6(c). Bandgap shift was more pronounced
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Figure 3: SEM images of nanorods at 0.1M precursor using cobalt nitrate as doping: (a) 0% and (b) 5%. (c) Variation in size of ZnO nanorods
with doping (0.1M nitrate).
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Figure 4: X-ray diffraction (XRD) pattern of (a) 0.1M cobalt nitrate-doped samples, (b) 0.1M cobalt chloride-doped samples, (c) 0.1M
cobalt chloride-doped samples annealed at 300°C, and (d) 15% cobalt-doped ZnO after annealing at 300°C with different precursors and
concentrations. Evidence of the Simonkolleite phase, Zn5(OH)8Cl2·H2O, in cobalt chloride-doped ZnO is shown in (b).
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Figure 5: Absorption spectra of 0-20% cobalt-doped ZnO nanostructures: (a) 1M precursor using nitrate (inset shows 0.1M precursor using
nitrate) and (b) 1M precursor using chloride (inset shows 0.1M precursor using chloride).
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in 0.1M cobalt nitrate-doped samples. A redshift of the opti-
cal bandgap with the incorporation of cobalt into ZnO has
been reported and explained as being mainly due to sp-d
exchange interactions between the band electrons and the
localized d-electrons of the Co++ substituting for Zn++ ions
[44, 45]. Exchange interaction is expected to contribute a
negative and a positive correction to the conduction and
valence band, respectively, causing the bandgap to shrink
[46]. Previous studies also observed a redshift in the bandgap
energy as the cobalt concentration is increased [20, 47–49].
Kim and Park [46] reported that with increasing cobalt con-
centration from 0% to 10%, the bandgap decreases in cobalt-
doped samples. Ivill et al. [50] deposited a ZnO thin film with

cobalt doping from 0% to 30% by a pulsed laser deposition
technique and showed that the bandgap value increased from
3.28 eV to 3.80 eV. Ozerov et al. [51] also reported a blueshift
in the bandgap in monocrystalline ZnO films. Yoo et al. [52]
observed a blueshift in aluminum- and cobalt-doped ZnO
films which were attributed to the Burstein–Moss effect from
an increase in the carrier concentration [50]. The wide range
of trends in bandgap with cobalt doping reported in the liter-
ature might be due to specific deposition and annealing con-
ditions used in preparing doped ZnO samples.

We observed that the bandgap of ZnO for 1M nitrate is
greater than that for 0.1M nitrate, but in the case of chloride,
this is opposite in trend. From XRD result (Figure 4(d)), it is
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confirmed that crystallinity of ZnO nanostructures is highest
for 0.1M nitrate as compared to chloride. It is known that
the ZnO lattice structure has a limited capacity for substitu-
tion of Co++ ions. Therefore, the excess Co atoms, more
than lattice capacity, go to the interstitial positions. It means
that there are limited substitutional and extreme interstitial
positions for Co++ for 1M nitrate and both 0.1M and 1M
for chloride route. In the case of the chloride precursor,
the 0.1M sample has more crystallinity than the 1M sample
because of the substitution of more Co++ ions into ZnO lattice
with less interstitial defects. Therefore,webelieve that theZnO
nanostructure from 0.1M chloride route has relatively more
crystallinity than that from 1M chloride source. Samples with
a more crystallized phase have smaller bandgap values.

Figure 7 shows the results from photoluminescence
(PL) measurements at room temperature in the two sets
of cobalt-doped samples, prepared at two different molar-
ities, doped with cobalt nitrate and cobalt chloride. PL
spectra confirmed that all ZnO films exhibited three dis-
tinct peaks: one in the UV range and the other two in
the visible range as shown in Figures 7(a) and 7(b). The
peak in the UV region corresponds to the near band edge,
attributed to the radiative recombination of free excitons,
and the peaks in the visible region are associated with
structural defects such as zinc interstitials and oxygen
vacancies [53]. In both cobalt nitrate and cobalt chloride
doping, PL spectra show near band edge (NBE) peak shift
to a longer wavelength as shown in Figure 8. This UV PL
emission peak corresponds to the band edge emission of
ZnO nanostructures. This NBE peak is redshifted from
394.24 nm to 396.03 nm for 0.1M nitrate, 386.82 to
389.55 nm for 1M nitrate, 384.23 to 386.83 nm for 0.1M
chloride, and 383.37 to 386.68 nm for 1M chloride samples
as the cobalt concentration increases from 0% to 20%. The
observed redshift in the PL emission spectra may arise due
to the increase in nanostructure size, as well as due to the
reduction of the bandgap of the samples with increasing

cobalt doping. However, the stress developed in the sam-
ples during the growth of nanostructures as well as doping
may also play a significant role in shifting the PL emission
peak [54].

Similar redshift in PL emission in ZnO NPs has been
reported earlier by Sendi and Mahmud [55]. A strong red-
shift in UV PL spectra of cobalt-doped ZnO nanorods was
also observed by Ghosh et al. [56].

It can be observed that for both 0.1M and 1M nitrate
samples when compared to the undoped sample, the inten-
sity of the defect peak increased with cobalt doping, which
has already been reported in earlier studies [57, 58]. An
increase in the intensity of the defect peak (460 nm and
545 nm) indicates the increase in the density of zinc intersti-
tials and oxygen vacancies with doping as the doping concen-
tration increases from 5% to 20%.
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Figure 7: Photoluminescence (PL) spectra of cobalt-doped ZnO samples: (a) 0.1M precursor with cobalt nitrate doping and (b) 0.1M
precursor with cobalt chloride doping. The inset shows the magnified area of the near band edge (NBE) peak.
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3.5. Conductivity Measurements. We also performed four-
point electrical conductivity measurements on cobalt-doped
ZnO samples as a function of temperature. Figure 9(a) sum-
marizes the conductivity variation in doped ZnO samples
with temperature in 0-20% cobalt. As it is evident from the
figure, the conductivity increases with the increase in doping
concentrations. This increase in conduction could be
explained by the improvement of crystallinity and enhanced
substitution doping. As doping increases, grain size increases
and it reduces the charge carrier scattering at grain bound-
aries, and hence, there is an increase in mobility as well as
conductivity [59]. Wu et al. [60] prepared cobalt-doped
ZnO (0%-10%) by the sol-gel method and showed that the
substitution of Co++ for Zn++ could improve the electrical

conductivity due to the increase in carrier concentration. In
addition, we estimated several activation energies using equa-
tion (5), indicative of various conduction mechanisms
involved in the doped samples. Figures 9(b) and 9(c) show
the variation in conductivity with temperature and doping.
For thermally activated band conduction, the conductivity
can be expressed as [61, 62]

σ = σ0 exp
−E
kBT

, 10

where σ0 is a constant, E is the activation energy, and kB is
Boltzmann’s constant.
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Figure 9: Variation of conductivity in doped samples (a) for two routes (0.1M and 1M) with temperature for (b) 0.1M cobalt nitrate
and (c) 1M cobalt chloride. The slope of a linear fit gives the estimate for thermal activation energy.
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Cobalt doping increases the electron concentration,
which in turn enhances the electrical conductivity with dop-
ing. The activation energy measured from conductivity for
the undoped ZnO (0.1M nitrate) was 56.63meV, which is
very close to the exciton binding energy (60meV) of ZnO.
The decrease in activation energy with cobalt doping indi-
cates that less and less energy will be required for carriers
to jump to higher electronic states. Yousif et al. [63] reported
that the activation energy of cobalt-doped ZnO increases up
to 3% and then decreased with a further increase in cobalt
doping. The activation energy for the thermally stimulated
conduction band depends on the donor carrier density and
the impurity energy levels. An increase in donor carrier den-
sity brings the Fermi level up in the bandgap, which results in
a decrease in activation energy [61, 64]. Table 2 shows the
values of activation energies estimated from conductivity
measurements for different cobalt-doped samples with
0.1M and 1M molarities.

3.6. Doping Efficiency.One of the observations from our opti-
cal measurements in doped ZnO is that bandgap reduces in
doped samples as the doping concentration is increased. This
effect could be explained by the wave functions of the elec-
trons bound to the impurity atoms that start to overlap as
the density of the impurities increases. As a result, this over-
lap forces the energies to form an energy band rather than a
discreet level [65]. This impurity band, in turn, reduces the
effective energy bandgap of the host material. The shift band-
gap (ΔEg) is given as [65]

ΔEg =
3q2
16πεs

q2Nd
εskT

, 11

where Nd is the doping density, q is the electronic charge, εs
is the dielectric constant of the semiconductor, k is Boltz-
mann’s constant, and T is the room temperature. For ZnO,
εs = 8 75 [66]. The doping density is estimated using equa-
tion (11) and is shown in Table 3 for various cobalt-doped
samples. The ICP-MS result shows that there is a significant
discrepancy between the expected and actual measured
cobalt percentage in various cobalt-doped ZnO samples.
This is an indication of the large difference in doping effi-
ciency, i.e., the percentage of cobalt atom which effectively
donates a free electron to the ZnO matrix. With one Co
atom donating at maximum one free electron, the doping
efficiency can be measured by [67]

η = atomic density of active dopant
atomic density of cobalt × 100%

= n − n0
NZn × CF × 100%,

12

where n and n0 are the charge carrier densities of cobalt-
doped and undoped ZnO, respectively. NZn is the atomic
density of Zn which is 4 0 × 1022 cm−3, n − n0 is the active
dopant density, and CF is the cobalt fraction or doping level
(shown in Table 1) which was calculated from the atomic
fraction of cobalt (Co atom %) and zinc (Zn atom %) as

measured by ICP-MS [67]. Results are shown in Table 3.
Doping efficiency of cobalt-doped ZnO with different molar-
ities is shown in Figure 10. At 0.1M concentration, the dop-
ing efficiency with cobalt chloride is almost 2.5-4.5 times
higher than the doping efficiency using cobalt nitrate. Also,
at a higher molar concentration (1M), doping via cobalt
chloride is about 1.6-1.9 times more efficient than doping
via cobalt nitrate. Based on the doping efficiency estimates,
cobalt incorporation into ZnO is much more efficient at a
1M concentration of the precursor solution using cobalt
chloride. However, control of the molarity of the precursor
components allows us to prepare selectively either sheet-
like layered hydroxide (zinc hydroxide nitrate and zinc
hydroxide chloride) or pure zinc oxide nanorods.

4. Conclusion

Zinc oxide (ZnO) nanostructures doped with cobalt from
5% to 20% were grown by a chemical bath deposition tech-
nique. From structural studies, only when we use cobalt
nitrate as a dopant (0.1M), we observe well-aligned ZnO
nanorod growth. At a 1M ratio of the precursor solutions,
SEM images show that the morphology revealed nanoplate-
lets at all doping levels, irrespective of the doping method
used. The X-ray diffraction study confirmed that the pre-
pared particles were of the hexagonal wurtzite structure only
at 0.1M of precursors using cobalt nitrate as doping salt.
Therefore, careful control of the molarity of the precursor
allows us to prepare selectively layered hydroxide (zinc
hydroxide nitrate and zinc hydroxide chloride) and pure
zinc oxide nanorods. The Simonkolleite and zinc hydroxide
nitrate structures were converted to highly .oriented poly-
crystalline zinc oxide sheets by annealing at 300°C for 2
hours in the air. Optical absorption measurements were con-
ducted, and the bandgap was estimated in various doped
samples. One significant result of our study is that regardless
of the route taken to achieve doping, the bandgap decreases
with doping. PL spectra of the doped samples show a peak
shift to longer wavelengths in both cobalt chloride and
cobalt nitrate samples. In both cobalt chloride- and cobalt
nitrate-doped ZnO, conductivity increased with doping.
Variations in conductivity are more significant in cobalt
nitrate-doped ZnO when compared to cobalt chloride-
doped ZnO. Based on the cobalt incorporation efficiency,
doping of ZnO with cobalt chloride may be a better method

Table 2: Activation energies for different cobalt-doped ZnO.

Co %

Activation energy (meV)
Cobalt nitrate-doped

ZnO
Cobalt chloride-doped

ZnO
0.1M 1M 0.1M 1M

0 56.63 63.51 66.63 64.13

5 49.56 59.32 61.29 58.62

10 47.83 56.05 57.08 54.32

15 45.05 52.58 52.87 50.21

20 34.09 46.39 49.16 41.23
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for achieving higher doping efficiency by a chemical bath
deposition method.
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