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Abstract:

In this study, root-like nanostructures of ZnO were synthesized via the spray pyrolysis
technique. The process involved depositing a metal acetate solution onto a heated plat-
form maintained at 400 °C, with controlled deposition rates. Simultaneously, incremental
incorporation of Cobalt dopants into the ZnO matrix led to gradual enlargement of the root
branches’ diameter. Structural insight was gained through X-ray diffraction (XRD) analysis,
revealing successful Cobalt dopant integration up to x=0.2 with coherent solubility. Howev-
er, higher Co/Zn atomic ratios, exceeding 0.2 , revealed the emergence of additional minor
phase of cobalt oxide. Optical characteristics exhibited notable variations tied to Cobalt con-
centration. Optical absorbance increased proportionally with elevated Cobalt content, while
conversely, energy bandgap reduced as Co content increased. These findings collectively
highlight the controllable synthesis of root-like ZnO nanostructures via spray pyrolysis,
modulated by Cobalt dopants.
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1. Introduction

In the realm of nanomaterials and
thin film technology, the modification
and manipulation of material proper-
ties at the nanoscale level have opened
up unprecedented opportunities for en-
hancing functionality and performance
across various applications [1]. Among
these materials, zinc oxide (ZnO) thin
films have garnered considerable at-
tention due to their exceptional optical,
electronic, and catalytic properties [2].
In recent years, researchers have been
exploring novel approaches to engi-
neer ZnO thin film nanostructures to
unlock their full potential for advanced
applications. One promising avenue
involves the introduction of a specific
dopant [3], or compose with different
materials [4], coupled with the utili-
zation of modification of deposition
parameters such as rate of deposition
through the simple technique of spray
pyrolysis [5]. This combination offers a
unique route to tailor the structural, op-
tical, and electronic properties of ZnO
thin films, thereby paving the way for
the development of high-performance
devices and systems [6].

The introduction of foreign atoms,

into the lattice of a material can induce
profound changes in its properties by
altering its electronic structure, crys-
talline arrangement, and reactivity.
Cobalt, a transition metal, has demon-
strated intriguing dopant characteris-
tics due to its unique electronic con-
figuration and magnetic properties
[7]. Incorporating cobalt dopants into
Zn0 thin films introduces an exciting
avenue for enhancing their electronic
conductivity, catalytic activity [8], and
magnetic behaviour [9], making them
well-suited for applications such as in
optoelectronics [10].

Zinc Oxide exhibits diverse nano-
structures that offer a wide range of
unique properties and applications due
to their exceptional characteristics.
Some prominent nanostructure types
of ZnO include Nanoparticles [11],
Nanowires [12], Nanorods [13], Nano-
tubes [14], Nanobelts, and Nanoflow-
ers [15], etc. Researchers continue to
explore novel methods to fabricate and
engineer these nanostructures to tailor
their properties for specific applica-
tions [16].

Spray pyrolysis, on the other hand,
represents a versatile deposition tech-
nique that allows for precise control
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over the growth process and resulting
film morphology [17]. By employing
low deposition rates during spray py-
rolysis, it becomes possible to dictate
the growth dynamics of ZnO thin films
and induce the formation of distinc-
tive nanostructures [18]. Of particular
interest are root-like structures, which
exhibit complex branching patterns
that extend the surface area and alter
the light-matter interaction, thereby af-
fecting the optical and electronic prop-
erties of the films [19].

This paper aims to investigate into
the intriguing interplay between cobalt
doping, and low deposition rates us-
ing spray pyrolysis, and the resulting
nanostructured ZnO thin films. Also,
we investigate the effect of varying co-
balt dopant concentrations on the op-
tical and structural characteristics, as
well as the energy bandgap of the ZnO
films.

2. Materials and Method

Zinc acetate dihydrate (Zn (CH-
,COO0),-YH 0) of 99.99 % purity and
cobalt acetate tetrahydrate Co(CH-
,CO,)," ¢ H,O of 298.0% purity from
Sigma-Aldrich Co. were used with no
further purification. 0.1M of the aque-

ous solution, at different Co™/Zn"
ratios of (0, 0.1, 0.2, and 0.3), were
prepared using a magnetic stirrer for
30 min. The Co-doped ZnO thin films
were prepared by spray the precursors
solution on corning glass at a fixed
substrate temperature of 400 °C using
an atomizer fixed at 30 cm vertically
above the substrates. The solution is
sprayed using a compressed air of 5
bar pressure at a low spray rate of 0.5
ml/min. The deposited samples were
examined by X-ray diffraction (Shi-
madzu XRD 6000), SEM (JSM-7600F
by JEOL Ltd ), and UV-visible absor-
bance Metertech spectrophotometer
(Model A).

3. Results and discussions

Figure 1 depicts X-ray diffraction
(XRD) patterns illustrating the im-
pact of Co™/Zn"™ ratios on pure and
Co-doped ZnO thin films. These films
were fabricated on Corning glass sub-
strates using the spray pyrolysis tech-
nique. The resulting films exhibited
polycrystalline nature characterized by
a hexagonal wurtzite crystal structure.
The observed XRD peaks correspond-
ing to ZnO’s crystalline planes, name-
ly (100), (002), (101), (102), and (110),
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were 1n agreement with the JCPDS
standard card (96-901-1663). Notably,
the (101) plane displayed a preferred
orientation. An increase in the Co con-
tent led to a reduction in crystallinity.
Concurrently, a novel phase emerged
corresponding to cubic cobalt oxide
(Co,0,), as per the JCPDS standard
card (96-900-5898). The preferential
orientation for this cobalt structure oc-
curred along the (220) plane. The ap-
pearance of a distinct phase at higher
doping ratios resulted from the exces-
sive introduction of Co beyond its ca-
pacity to be incorporated into the host
lattice. The widening of peaks was ob-
served with escalating doping ratios,
indicating an augmentation in crystal-

lite size as calculated using Sherrer’s
formula. Additionally, slight shifts in
diffraction peaks suggested the pres-
ence of lattice strain due to the increas-
ing dopant concentration. Information
regarding peak positions, full width at
half maximum (FWMH), inter-planar
distances calculated using Bragg’s law
(equation 1) [20], and crystallite sizes
determined through Sherrer’s formula
(equation 2) [21] can be found in Ta-
ble 1. Figure 2 illustrates the growth in
average crystallite size as a function of
substrate temperature.

nl=2dwsint
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Intensity (arbitrary unit)

Fig. 1. X-ray diffraction for the as-deposited
ZnO and Co-doped ZnO thin films at different ratios.
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Table 1: XRD peaks parameters for the as-deposited
ZnO and Co-doped ZnO thin films at different ratios.
CS
x |20 (Deg.) | FWHM (Deg.) | d, Exp.(A) - hkl d, Std.(A) | Phase £
nm
31.7532 0.6321 2.8158 13.1 (100) 2.8137 Hex. ZnO 0.0097
34.2814 0.5794 2.6137 14.4 (002) 2.6035 Hex. ZnO 0.0082
0 36.1776 0.5794 2.4809 14.4 (101) 2.4754 Hex. ZnO 0.0077
47.5019 0.8427 1.9125 10.3 (102) 2.6035 Hex. ZnO 0.0084
56.5087 0.8427 1.6272 10.7 (110) 2.6035 Hex. ZnO 0.0068
319112 1.1061 2.8022 7.5 (100) 2.8137 Hex. ZnO 0.0169
34.5448 0.8954 2.5943 9.3 (002) 2.6035 Hex. ZnO 0.0126
0.1
36.0722 0.6847 2.4879 12.2 (101) 2.4754 Hex. ZnO 0.0092
56.6667 1.0007 1.6230 9.0 (110) 2.6035 Hex. ZnO 0.0081
Cubic.
19.6388 0.5268 4.5167 15.3 (111) 2.6035 0.0133
Co,0,
31.7005 0.8954 2.8203 9.2 (100) 2.8137 Hex. ZnO 0.0138
0.2 | 344394 0.8954 2.6020 9.3 (002) 2.6035 Hex. ZnO | 0.0126
36.1249 0.9481 2.4844 8.8 (101) 2.4754 Hex. ZnO 0.0127
56.6140 1.1061 1.6244 8.2 (110) 2.6035 Hex. ZnO 0.0090
Cubic.
19.2701 0.6321 4.6023 12.8 (111) 2.6035 0.0162
Co,0,
Cubic.
31.0500 0.4300 2.8779 19.2 (220) 2.4754 0.0068
Co,0,
31.7005 0.7374 2.8203 11.2 (100) 2.8137 Hex. ZnO 0.0113
34.3868 0.8427 2.6059 9.9 (002) 2.6035 Hex. ZnO 0.0119
0.3
36.2302 0.8428 24774 9.9 (101) 2.6035 Hex. ZnO 0.0112
Cubic.
38.4110 0.3267 2.3416 25.8 (222) 2.6035 0.0041
Co,0,
Cubic.
45.1843 0.8954 2.0051 9.6 (400) 2.6035 0.0094
Co,0,
56.9300 0.7374 1.6162 12.3 (110) 2.6035 Hex. ZnO 0.0059
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Lattice constants for hexagonal
structure of ZnO (a and c) were deter-
mined according to the relation [22]:
12

c2

1 4h*+hk+k?
— = ——
dppr 3

——+t5 e

The incorporation of cobalt ions
with an unusual ionic radius into the
host lattice resulted in structural defor-
mation. This deformation led to a re-
duction in the c/a ratio compared to the

ideal structure’s close-packed ratio of
1.886. The maximum value of the “c”
constant, in comparison with the less-
er value of “a,” was observed at x=0.1,
indicating a particular composition.
These structural deformations were in-
duced by the incorporation of Co™ ions
with slightly greater ion radii than Zn*?
ion. Different manners of variations
were observed for ZnO structure with
different dopants [23,24].

3.2566 [ 343

C (4)

0 0.1

CNT (%)

Fig. 2. Variation of lattice constants for ZnO with the Co ratio.
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Figure 3 illustrates scanning elec-
tron microscope (SEM) images show-
casing the morphological characteris-
tics of as-deposited thin films of pure
Zn0O and Co-doped ZnO on glass sub-
strates by spray pyrolysis.

Distinctive structural features man-
ifest as novel root-like formations on
the surface of the samples, resembling
branched and intricate winding roots.
With an increase in the concentration
of Cobalt dopants within the samples,
there is an observable increase in the
diameters of these root structures. Spe-
cifically, for the pristine ZnO sample,
the root diameter measures at 143 nm.
However, upon introducing Cobalt
dopants at ratios of x = 0.1, 0.2, and
0.3, the root diameters expand signifi-
cantly, measuring 350 nm, 550 nm, and
570 nm, respectively.

In the case of the highest Co content
sample (x = 0.3), the roots exhibit a
merged configuration with the surface,
lacking well-defined edges. Important-
ly, it is noteworthy to mention that pri-
or research [25] has demonstrated di-
verse nanostructural configurations for
ZnO0 thin films, achieved through var-
ious fabrication techniques. Notably,
our observed root-like configuration

aligns with the nanostructures reported
in a previous study [26].

The ability to precisely control both
the shape and size of these nanostruc-
tures holds remarkable implications for
targeted applications of the prepared
samples. This level of control opens
avenues for leveraging these materials
in specific applications such as insert
specific applications where the tailored
nanostructures could be beneficial.
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D1, = 143.38 nm

i MIRA3 TESCAN SEM MAG: 135 kx WD: 5.01 mm 1 MIRA3 TESCAN
SEM HV: 15.0 kV Det: SE SEM HV: 15.0 kV 200 nm
Date{midiy): 05/08/21 BI: 11.00 Performance in nanospace Date(m/dly): 05/08/21 BE: 11.00 Performance in nanospace

e
SEM MAG: 35.0 kx WD: 4.98 mm MIRA3 TESCAN]  SEM maG: 135 kx WWD: 4.98 mm | MIRA3 TESCAN
Det: SE SEM H\E 15.0 kW 1 um Det: SE SEM HV: 15.0 kV 200 nm

Date(mid/y): 05/08/21 BI: 11.00 Performance in nanospace Date(m/dly): 05/08/21 Bl 11.00 Performance in nanospace

SEM MAG: 35.0 kx mm SEM MAG: 135
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Fig. 3. SEM images for the as-deposited
ZnO and Co-doped ZnO thin films at different ratios.
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Figure 4 illustrates the optical ab-
sorbance spectra of Cobalt-doped ZnO
films prepared by spraying on glass
floors at different Co/Zn atomic ratios.
It can be seen that the absorbance de-
creases with increasing wavelength
for all samples prepared because only
photons with sufficient energy greater
than the energy gap can interact with
the material forming electron pairs at
the absorption edge. The absorption
spectral characterization is affected

by the material components. It can
be seen that the absorbance increased
with the Co content. It can be seen that
the absorption edge is not sharp for all
samples, which depends on the degree
of crystallinity due to the presence of
local states near the valence and con-
duction bands (tail states) [27].

The impurities at as active centers
cause more light scattering and play
an important role in determining the
transparency of the material [28].
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Fig. 4. Optical absorbance for the as-deposited
ZnO and Co-doped ZnO thin films at different ratios.
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The optical band gap (EgOP’) of the
Cobalt-doped ZnO films prepared by
spraying on glass substrates at different
Co/Zn atomic ratios was calculated us-
ing Tauc’s equation for direct allowed
transition [29].

opt
Eg

)1;’2 ceen(4)

ahv = Constant (hv —

By plotting the relationship between
(ahv)* vs photon energy hv as shown

in Fig. 5. It was observed that the opti-
cal energy gap decreases from 3.9 eV
to 3.6 eV when increasing the Cobalt
content from 0 to 0.4 may due to creat-
ing new energy levels within the ener-
gy bandgap. The observed changes in
the optical properties of the ZnO indi-
cate that the Co** successfully replaced
Zn*" inside the hexagonal ZnO wurtz-
ite structure [30].

Vs
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X 4
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Fig. 5. Tauc relation for the as-deposited
Zn0O and Co-doped ZnO thin films at different ratios.

J

4. Conclusions
Utilizing the spray pyrolysis tech-
nique, root-like nanostructures of ZnO
were effectively synthesized. This pro-
cess involved the deposition of a metal

acetate solution onto a heated platform
maintained at 400 °C, while modulat-
ing the deposition rate. Concurrently,
incremental incorporation of Cobalt
dopants within the ZnO matrix was
employed, resulting in a correspond-
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ing gradual enlargement of the root
branches’ diameter. Insight into the
structural integrity was gained through
X-ray diffraction (XRD) analysis. This
investigation unveiled the successful
incorporation of Cobalt dopants up to a
concentration of x=0.2, wherein a co-
herent solubility was observed. How-
ever, at higher Co ratios, surpassing
0.3, the emergence of cobalt oxide as
a distinct phase became discernible. A
profound influence on the optical char-
acteristics was observed in correlation
with the variation in Co concentration.
Specifically, the optical absorbance ex-
hibited an ascending trend concurrent
with the augmentation of Co content.
This phenomenon. Conversely, the en-
ergy bandgap of the materials exhibit-
ed a diminishing trend in response to
escalating Co content. These findings
collectively underline the controllable
fabrication of root-like ZnO nanostruc-
tures through the spray pyrolysis tech-
nique, modulated by Cobalt dopants.
This work underscores the prospect
of tailoring material characteristics
for specific applications through con-
trolled doping and highlights the con-
sequential effects on structural and op-
tical properties.

3. E. Benrezgua,
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