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The structural, magnetic and magneto-transport of undoped ZnO, Zngg7Alp030, ZnggsFeqosO and
Zng.92Alp 03Fe0,050 thin films grown on Si(100) substrate using pulsed laser deposition were investigated.
The single phase nature of the films is confirmed by X-ray diffraction and Raman spectroscopy mea-
surements. The possibility of Fe metal cluster in Fe doped/co-doped films is ruled out by Fe 2p core level
photoelectron spectra. From O 1s core level spectra it is observed that oxygen vacancy is present in all the

films. The undoped ZnO film shows magnetic ordering below ~175K, whereas Fe doped/codoped
samples show magnetic ordering even at 300 K. The Al doped sample reveals paramagnetic behavior. The
magneto-transport measurements suggest that the mobile carriers undergo exchange interaction with

local magnetic moments.

© 2016 Elsevier B.V. All rights reserved.

1. Introduction

Most of the contemporary technologies highly rely on the
semiconductors, whose properties are guided by the charge nature
of the carriers. Over the last few years, efforts are on to induce a
coupling between the charge nature of the carrier with its another
associated intrinsic property namely “spin” [1,2]. Despite being
intrinsically associated with any carrier, its coupling to the charge
property vis a vis contribution towards electrical transport mea-
surements is rather not easily available, which is due to random
nature of the charge transport making a net contribution due to
spin towards current zero. The urge for increased data processing
speed, non-volatile memory, more storage capacity etc have led to
inventive methods of engineering spintronic materials coalescing
the spin as well as the charge nature of these carriers. In spin-
tronics one can interplay the magnetic, electronic as well as the
optical property of the system. One methodology to realize the
blend of charge as well as the spin degree of freedoms is to dope
some transition metal element having magnetic moment in an
otherwise non-magnetic semiconductor matrix and expect that
the resulting material will yield a magnetic field controlled electric
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current as well as an induced magnetic ordering in the system. In
this context several systems have been exploited such as II-VI
semiconductor based system, wherein an element of II group and
an element of VI group form a semiconductor (eg. CdTe), and a
magnetic impurity such as Mn is doped or Mn doped IlI-V based
semiconductor such as GaAs [3,4]. However, the maximum Curie
temperature observed for these systems are between 100-200 K.
Indeed, one may rather desire a system with Curie temperature
around room temperature or higher making it accessible for fu-
turistic applications. In order to bring about this milestone, the
area of exploration for the materials was extended to oxide sys-
tems as well due to wide range of rich properties that these oxide
systems are endowed with [5-15]. The discovery of room tem-
perature ferromagnetism in Mn doped ZnO thin film by Dietl et al.
attracted tremendous attention in ZnO based materials [5]. Since
then several studies have been carried out in ZnO based materials
with different combinations of TM ions [6-8]. It has also been
observed that optical, ferromagnetic and electrical properties for
these systems strongly depend on the carrier density and hence
there have been reports of Al codoping in co-doped ZnO thin film
too [9].

Though the room temperature ferromagnetism in TM doped
ZnO based system has been realized, there have been con-
troversies regarding the cause of origin of ferromagnetism in the
system. Some of the reports suggest it to be due to TM clusters or
secondary phase formation while some reports put in it to be
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charge carrier mediated ferromagnetism [1,10]. Interestingly
Sundaresan et al., reported on the occurrence of ferromagnetism
in nano particles of ZnO [11]. The wide range of reported magnetic
nature of the samples, magnetic ordering temperature and sa-
turation magnetization are attributed to the different nature of
defects in the system, which are found to be a crucial parameter in
setting up a magnetic ordering in a system. It is also perceived that
with TM doping or introducing defects, carrier density is varied,
which acts as a mediator for magnetic interaction among magnetic
impurities and hence magnetic properties strongly depend on the
carrier density [12]. Though there are several models proposed to
explain the origin of magnetism, the bound polaron model pro-
posed by Coey and coworker seems to address most of the issues
in such materials [16,17]. In the present work, we report the effect
of Fe and Al doping and Fe-Al co-doping on the structural, elec-
trical and magnetic properties of ZnO thin films grown on Si
substrate. We have chosen Si substrate due to its demand in
contemporary semiconducting based industry and a compatible
growth of ZnO on Si substrates. The present work has been per-
formed on thin films, which is driven by the incentive that for the
realization of any device, thin film holds the ultimate efficacy.

2. Experimental techniques

Bulk pellets of ZnO, Zngg7Alo030, ZnggsFepesO and
Zno 92Alg03FegosO (hereafter, they are named as ZnO, ZAO, ZFO
and ZAFO respectively) were prepared by solid state reaction
technique. For this Al,O3 and Fe,05; powders were mixed with ZnO
powder in proportional ratio, which was grinded for several hours
in acetone. The grinded powder was pelletized using hydraulic
pressure and sintered at 950 °C for 15 h. These well sintered pel-
lets were used as targets for the film deposition using pulsed laser
deposition (PLD). Before starting deposition, the deposition
chamber was evacuated to achieve base pressure of 2 x 10~ Torr.
The films were deposited on Si (100) substrate at an oxygen partial
pressure (OPP) of 1 mTorr at substrate temperature of 600 °C. The
substrate was mounted on a heater placed opposite to the target
with the help of silver paste. The laser beam was focused before
allowing it to incident on the target surface at an angle of 45°.
During deposition substrate to target distance was kept at ~5 cm
and laser energy density at the target surface was ~2 J/cm?. To
avoid crater formation on the target surface, the target was rotated
at 10 rpm. The deposition was carried out at 10 Hz for 20 min,
which resulted into film thickness of ~150 nm as measured using
thickness profilometer (AMBIOS XP-1 stylus profiler). After de-
position, the thin films were cooled to room temperature in the
same OPP. The deposited films were characterized using x-ray
diffraction (Bruker AXE D8 X-ray Diffractometer with Cu Ko ra-
diation). The Raman spectra were recorded in backscattering
configuration using an HR800 Jobin-Yvon spectrometer equipped
with a 50x objective, Peltier cooled charge coupled device detector
and an Ar+ion laser (wavelength 488 nm) was used as an ex-
citation source. The valence state of Fe ion in Fe doped samples
was probed using X-ray photoelectron spectroscopy (XPS). XPS
was performed using Al-Ko (1486.6 eV) lab-source. Before re-
cording the spectra, surface of the sample was cleaned using
0.5 keV Ar™ ions for 5min. The spectra were recorded using
Omicron energy analyzer (EA 125, Germany). The magneto-re-
sistance measurements were also carried out employing four
probe resistivity method at different temperature values as a
function of magnetic field using Oxford He-cryostat in the mag-
netic field range of O to 7 T. Magnetic properties of the films as a
function of temperature and magnetic field were measured by
Quantum Design's MPMS SQUID VSM-7Tesla.
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Fig. 1. (a) X-ray diffraction pattern of ZnO, ZAO and ZAFO thin films along with Si
(100) substrate, inset in Fig. (a) is the zoomed scale of (002) peak of all the films
including ZFO film; (b) Raman spectra of the grown films.

3. Results and discussion

The XRD pattern of the grown films along with Si (100) sub-
strate are shown in Fig. 1(a). It is evident from the pattern that the
films are grown along c-axis direction, since only the Bragg re-
flection corresponding to the (002) plane of wurtzite ZnO phase is
observed in the pattern appearing from film [18]. Other peaks in
the XRD pattern are due to substrate, as can be seen when com-
pared with that of the substrate. Please note that the XRD patterns
are plotted in log scale so that presence of secondary/impurity
phase, if any, can be easily discerned. After Al doping or Fe doping,
structure remains somewhat similar to undoped ZnO, no extra
peak or feature is observed in the XRD pattern, suggesting that the
films remain in single phase of wurtzite ZnO structure. Using the
peak position of (002) in these patterns, we calculate the out of
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plane lattice parameter ¢, which comes out to be 0.5217 nm for
ZnO, 0.5182 nm for ZAO and 0.5193 nm for ZAFO films. The lattice
parameters of ZFO is same as ZAFO film. It is evident from c
parameter of the grown films that with Al doping, the out of plane
lattice parameter decreases, which slightly increases after Fe
doping/co-doping, but yet lower than undoped ZnO. This is not
surprising, if we look at the ionic radii of AI** (67.5 pm), Fe?*
(92 pm), Fe** (78.5 pm), and Zn?* (88 pm). It is clear that with Al
doping lattice parameters of ZnO should shrink, as observed. With
Fe doping, lattice parameter should increase if it is in 2+ ionic
state and decrease if the ionic state is 3+. Therefore, if Fe happens
to be in mixed state, an average effect would emerge from the XRD
pattern, depending on which ionic state dominates. Indeed, the
variation in c parameter of the grown films as observed from XRD
pattern points out towards the substitutional nature of Al and Fe
ions in the grown films.

To further confirm the structure of the grown films we per-
formed Raman spectroscopy measurements. It should be recalled
here that space group of hexagonal wurtzite ZnO is P63mc, with
two formula units per primitive cell suggesting that the primitive
cell of ZnO has basic unit of 4 atoms. Therefore, one would expect
12 number of phonons, out of which 3 modes are acoustic pho-
nons and 9 modes are optical phonons. According to group theory,
the Raman active zone-center optical phonons are A; +2E,+E;. A4
and E; phonon modes are polar phonons and are split into
transverse optical (TO) and longitudinal optical (LO) phonons. The
two E; modes are non polar modes, oxygen atoms are responsible
for higher frequency mode Zn sublattice for lower phonon mode
[19]. The vibrational spectra of our films are shown in Fig. 1(b).
Mostly the contribution of Si substrate is observed. We primarily
observe two Raman modes only from ZnO wurtzite structure at ~
290 cm~ ! and 436 cm !, which are attributed to By (low) and E,
(high) modes respectively. Other Raman modes are suppressed
due to huge contribution from Si substrate. Similar observation is
observed in all the films, further suggesting that with Al and Fe
doping also structure remains wurtzite hexagonal.

One of the major concerns in TM doped ZnO system is related
to the valence state of the dopant ion. To get an insight into the
electronic state of Fe in ZnO matrix, we performed XPS measure-
ments. It should be recalled here that electronic state of Fe in any
compound can be distinguished by probing the binding energy of
Fe 2p core level electrons [20]. In Fig. 2(a) and (b), we show the Fe
2p core level spectra of ZFO film and ZAFO film respectively. Pri-
marily two features are observed namely Fe 2ps/,, and 2p,/, ap-
pearing at around 711 and 724 eV respectively, due to spin orbit
coupling. It should be recalled here that in case of Fe metallic state,
the binding energy position of Fe 2ps/, feature is at ~706 eV, and
in the presented spectra, we do not find any signature corre-
sponding to the Fe metallic state. This rules out the possibility of
formation of Fe metallic clusters in these deposited films. Since the
binding energy positions of Fe?" and Fe>* states are very close,
therefore, only based on the binding energy position it is not easy
to distinguish Fe?*/Fe*>* states. However, the binding energy of
the satellite structures of Fe 2ps, for Fe?* and Fe?* being 715 and
719 eV respectively, the corresponding satellite structure can be
employed to probe their presence [21]. In case of Fe existing in the
mixed states, one would observe a smeared out structure in this
energy range. The spectra were fitted with Gaussian and Lor-
entzian functions (as shown in Fig. 2(a)). It is observed that the
features corresponding to Fe 2p3, and Fe 2p, are broadened due
to the existence of the both Fe?*+ and Fe>* ions. The spectra could
be fitted properly when we accounted for both the ionic states of
Fe and the fitted Fe 2p;, (Fe 2p;;;) binding energy is 709.4
(722.6 eV) for Fe?*+ and 711.3 eV (724.6 eV) for Fe3*. In Fig. 2(c) we
show the O 1s core level spectra fitted with Gaussian and Lor-
entzian functions. It is evident that two features are observed in
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Fig. 2. Fe 2p core level spectra of (a) ZFO and (b) ZAFO thin films and (c) O 1s core
level spectra of ZAFO thin film.
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Fig. 3. (a) Magnetization versus temperature plot for ZFO, ZAO and ZAFO films.
Inset shows the magnetization versus temperature behavior of ZnO thin film.

Magnetization versus magnetic field hysteresis behavior of (b) ZFO film and
(c) ZAFO film at room temperature.

2000

the O 1s core level spectra. One prominent feature at ~530 eV
corresponds to oxygen bonded with Zn and a shoulder feature at
~531.7 eV corresponds to oxygen vacancy. Similar spectra are ob-
served for other films also, suggesting that these films contain
oxygen vacancy.

After establishing the single phase nature of the grown films
and that Fe atoms are not forming a metallic cluster, we performed
their magnetization measurements. In Fig. 3(a) we show the
magnetization versus temperature behavior of different films

measured in magnetic field value of 200 Oe. It is interesting to
note that undoped ZnO, ZFO and ZAFO films reveal convex like
magnetization versus temperature (M-T), as normally expected for
ferromagnetic materials within the Weiss mean field theory.
Whereas, ZAO does not show such behavior, rather it reveals
concave like behavior, normally attributed to the paramagnetic
nature of the sample. It is also observed that undoped ZnO film
shows an onset of magnetic ordering below ~175 K {inset of Fig. 3
(a)}, whereas the Fe doped as well as Fe, Al codoped sample does
not show any magnetic transition in the measured temperature
range upto 300 K, suggesting its Curie temperature to be higher
than 300 K. It is also noted that slope of the M-T behavior of ZFO
film is different from the ZAFO film, suggesting the different ex-
change interaction coefficient values among the magnetic im-
purities in the two films as well as different carrier concentration
in the two films, which are supposed to be the vital parameters in
mediating the interaction among the magnetic impurities. This
would also lead to different magnetic transition temperature va-
lues in the two films.

To further get an insight of the magnetic properties of these
samples, magnetization versus magnetic field hysteresis plot is
recorded at room temperature as shown in Fig. 3(b) and (c). The
contribution of Si substrate towards MH behavior is subtracted
after considering linear diamagnetic signal of the substrate at
higher magnetic field values. It is apparent that ZFO film as well as
ZAFO film exhibits a clear magnetic hysteresis behavior and both
the films reveal coercivity value ~70 Oe at room temperature. This
is consistent with the M-T behavior, which is indicative of its
magnetically ordered state at room temperature. It is also ob-
served that saturation magnetization in Fe doped sample is higher
than the co-doped sample. The undoped ZnO film shows a para-
magnetic like behavior (not shown here), since its magnetic
transition temperature is ~175 K, much lower than room tem-
perature. As expected, ZAO film also does not reveal any hysteresis
due to its paramagnetic nature as evident from the M-T behavior.
The magnetization versus temperature behavior along with mag-
netic hysteresis behavior point out towards the possible magnetic
ordering in ZnO, ZFO and ZAFO samples, whereas its absence in
ZAO sample.

It is known that ZnO thin films contain defects like oxygen
vacancy (as also shown by O-1s core level XPS spectra) and Zn
interstitial. These defect states are supposed to be source of n-type
charge carriers in ZnO, despite it having a band gap of 3.4 eV. The
AI2* doping is known to enhance carrier density in ZnO. The oc-
currence of magnetic ordering in ZAFO sample can be understood
by charge carrier mediated magnetic interaction among Fe ions.
However, it is surprising to see setting of magnetic ordering in
undoped ZnO film. Sundaresan et al. [11] in their report suggested
that the electrons trapped in the oxygen vacancy forming F center
are polarized and are responsible for magnetic ordering the sys-
tem, even without TM doping. In the present study on thin films
the possibility of oxygen vacancy, Zn interstitial as well as Zn va-
cancy is quite likely to be present. These defect states can modify
the electronic energy levels in a way to induce local magnetic
moment responsible for magnetic ordering. Depending on the
defect density and induced magnetic moment, the exchange in-
teraction will govern the magnetic ordering temperature, which in
the present study is ~175 K in ZnO undoped film.

In order to further confirm that the charge carriers mediate the
magnetic interactions among the magnetic impurities, we carried
out the magneto-transport properties. The resistance of Fe doped
ZnO film was too high to be able to measure with the available
instruments. In Fig. 4(a) we show the resistivity versus tempera-
ture behavior of ZnO, ZAO and ZAFO films. It is clearly evident that
the resistivity value of ZAFO film was comparatively much lesser
than ZFO film because of carrier doping due to Al, whereas in
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Fig. 4. (a) Resistivity versus temperature plot for ZnO, ZAO and ZAFO films. (b) and
(c) are the magneto-resistance versus magnetic field plot for ZnO and ZAFO films
respectively.

undoped ZnO film, oxygen vacancy acts as n-type carrier source.
Therefore, magneto-resistance measurements could be performed
on undoped and Fe, Al codoped films. Resistance versus magnetic
field measurements at different temperature values in the range of
5-50 K are shown in Fig. 4(b) and (c). Both the films show a finite
negative magneto-resistance {MR%=(Ry —Ro) 100/R,} behavior at
all the measured temperature values, however, the magnitude
drops with increase in temperature. The magneto-resistance effect

can also arise due to Lorentz force on the mobile carriers, however,
this effect should give rise to positive magneto-resistance. The
occurrence of negative MR% in the present case are indicative of
role of spin scattering and carrier mediated exchange interaction
among local magnetic moment in the system. When there is no
applied magnetic field, the charge carriers are scattered due to
randomly aligned magnetic moments. However, in the presence of
magnetic field, the localized magnetic moments are aligned, re-
ducing the scattering of the carriers and leading to negative MR. In
undoped ZnO film, Xu et al. proposed the lack of s-d exchange
interaction to be responsible for negative MR at low temperatures
[22]. It is interesting to note that Al, Fe codoped sample shows non
monotonic variation in MR% with magnetic field at 5 K. Such field
dependent MR% behavior suggest that charge carriers trapped at
some energy state between the valence band and conduction band
is interacting with local magnetic moment. Under the influence of
magnetic field these energy levels undergo Zeeman type splitting
yielding spin polarized excitation of carriers into the conduction
band [23]. This observation is a clear manifestation of a strong
coupling between the local magnetic moment and the charge
carriers.

In conclusion we have deposited thin films of undoped ZnO, Al
doped ZnO, Fe doped ZnO and Al, Fe co-doped ZnO on Si(100)
substrate using pulsed laser deposition. XRD and Raman spectro-
scopy measurements confirm the single phase nature of the films.
The analysis of out of plane lattice parameter ¢ suggests that Al
and Fe substitute in ZnO matrix. XPS studies also suggest that Fe is
not in metallic cluster form, rather they are in mixed Fe?* and
Fe3* states. The Fe doped ZnO and Al, Fe codoped samples show
magnetic ordering in the system with Curie temperature beyond
room temperature. These films reveal a clear magnetic hysteresis
behavior at room temperature with a finite coercivity value. The
undoped ZnO film also reveals magnetically ordered state below
175 K. From magneto-transport measurements it appears that the
charge carriers are strongly coupled to the local magnetic mo-
ments. Thus it seems that the magnetic ordering among local
magnetic moments is set by mediation of charge carriers. Further
work is underway to estimate the carrier density, type of charge
carrier and its variation with temperature.
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Abstract

A finite switchboard state machine is a specialized finite state machine. It is built by binding the concepts of switching
state machines and commutative state machines. The main purpose of this paper is to give a specific algorithm for fuzzy
finite switchboard state machine and also, investigates the concepts of switching relation, covering, restricted cascade
products and wreath products of fuzzy finite switchboard state machines. More precisely, we study that the direct
products/Cartesian compositions of two such fuzzy finite switchboard state machines is again a fuzzy finite switchboard
state machine. In addition, we introduce the perfect switchboard machine and establish its Cartesian composition.
The relations among the products also been examined. Finally, we introduce asynchronous fuzzy finite switchboard
state machine and study the switching homomorphic image of asynchronous fuzzy finite switchboard state machine.
We illustrate the definition of a restricted product of fuzzy finite switchboard state machine with the single pattern
example.

Keywords: Fuzzy finite state machine, Switchboard, Direct product, Cascade product, Wreath product, Asynchronous.

1 Introduction

Automata theory is one of the topics from the general system theory which provides mechanisms for the formulation and
solution of general problems which can be applied to real-world problems in the future. A different class of switching
mechanisms has been used for controlling more complex systems. It is necessary to understand the significance of the
modeling of switching mechanisms as a control device for any electronic system. In 2002, according to Inagaki [10],
Genetic algorithms (GAs), an evolutionary computation method, was used for generating more complex deterministic
finite automata (DFA) through the use of a switching device to make correct predictions on the next input symbol.
Within the context of a Design Pattern, Ramnath and Dathan [33] studied the switchboard behavior which is similar
to a mediator in a finite state machine (FSM) and also highlighted that FSM events allow anyone to design and modify
the two subsystems independently. An FSM model exhibits a behavior where responses to future events depend on
previous events. A classical problem of the finite state machine is to navigate or to predict the flow of the next input
information into a designated output when it receives a given input information from a sequence of integers. The
purpose of the switchboard in a finite state machine is that a direct flow of information from one state to another is able
to be controlled and any sudden failure will not cause the information to be entirely lost. However, the switchboard
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Abstract

The purpose of the present work is to introduce and study the concept of interval
type-2 (IT2) fuzzy grammar which recognizes the given IT2 fuzzy languages. The
relationship between IT2 fuzzy automata and IT2 fuzzy (weak) regular grammars is
discussed. Specifically, the results we obtained here are (i) IT2 fuzzy weak regular
grammar and IT2 fuzzy regular grammar generate the same classes of IT2 fuzzy
languages (ii) for a given IT2 fuzzy regular grammars, there exists an IT2 fuzzy
automata such that they accept the same IT2 fuzzy languages, and vice versa. In
addition, we define some operations on IT2 fuzzy languages and it is shown that IT2
fuzzy languages recognized by IT2 fuzzy automata are closed under the operations
of union, intersection, concatenation and Kleene closure, but are not closed under
complement.

Keywords Interval type-2 fuzzy set - Interval type-2 fuzzy automata - Interval type-2
fuzzy grammar - Interval type-2 fuzzy languages

1 Introduction

It is well-known that the simplest and most important type of automata is finite-
automata and itis closely related to formal language as finite-automata can be classified
by the class of formal languages (cf., [5,6,25]). In finite automaton, the input alphabet
consists of a finite number of discrete input symbols. Fuzzy automata proposed by
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Stage Performance

05 June, 2022 | Kilkari Bihar Bal Bhawan (Patna)

To celebrate World Environment Day the
cultural cell of College of Commerce, Arts

and Science in Collaboration with
Imagination performed the play Vat Baba
(dc 91d1) directed by Kundan Kumar and written
by one of the most influential writers of modern
Hindiliterature Phanishwar Nath Renu. The
play was performed at Kilkari Bihar Bal
Bhawan, Patna, Bihar.




Street Play For

IndianOil Corporation

05 June, 2022 | IndianQil Corporation (Patna)

On the occasion of World Environment Day
thecultural cell of College of Commerce,

Arts and Science in Collaboration with
Imagination (Bihar) and supported by IndianOil
Corporation and Radio City performed the
street play ‘Dharti Hamari-Zimmedari
Hamari’.

The event was inaugurated by Sh.Vibhash
Kumar, Executive Director, Indian Oil
Corporation, Bihar & Jharkhand.
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Stage Performance

On the occasion of World Sparrow Day the
cultural cell of College of Commerce, Arts and
Science in Collaboration with Imagination
(Bihar) supported by Sanjay Gandhi Botanical
Garden (Patna Zoo) performed the street
play ‘Gauraiya Bachao-Paryavaran Bachao’.
The street play highlighted the steps to be taken
to save sparrow and why they are important part J 2 :_
of our ecosystem. -




Street Play For

B.S.P.C.B

04-06 March, 2023 | Patna (Bihar)

The Cultural cell of College of Commerce, Arts
and Science in Collaboration with Imagination
Bihar performed Street Play ‘Jogira Sara Rara
Ra’ for the Bihar State Pollution Control Board

The street play was performed to aware the
people about the rise of air pollution across
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Pure and co-doped ZnO nano-sheets thin films as UV
detectors
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ABSTRACT

Herein we report the formation of hexagonal nano-sheets of pure and Co-doped
ZnO thin films. Both films were deposited using the aerosol-assisted chemical
vapor deposition technique. The X-Ray diffraction results revealed that the film
is a mixture of two ZnO phases; Wurtzite and Zinc blende. Scanning electron
microscope images show hexagonal nano-sheets formation onto the substrate
surface. The band gap of the deposited films has been determined using Beer’s
law. The performance of both films as Ultra-Violet detectors has been investi-
gated. The response/decay time has been determined which shows large values.
With doping response time decreases, whereas decay time increased. The
response time was recorded a minimum value of 4s for Co-doped ZnO films at
5V applied voltage. While the gain value of the doped film was found to be
lower than the pure one.
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1 Introduction Zinc oxide is known to exist in three phases [10].
These structures are hexagonal Wurtzite (WU), Cubic

ZnO is one of the most studied semiconductor metal rock salt (RS), and cubic Zinc blende (ZB). Among

oxides (SMO) materials due to its multifunctional
properties. Properties like high band gap value [1],
high exciton binding energy [2], high dielectric con-
stant [3], adjustable refractive index [4], and
antibacterial activity [5] make ZnO a very attractive
material for many applications. It has been used as
photodetectors [6], gas sensors [7], optoelectronic
devices [8], solar cells [9], and many other
applications.

Address correspondence to E-mail: ayan@cocaspatna.ac.in

https:/ / doi.org/ 10.1007 /s10854-023-10789-w
Published online: 15 June 2023

these three phases, the hexagonal WU-ZnO structure is
the most common one since it is the most thermody-
namically stable phase under ambient conditions,
while the ZB-ZnO phase is thermodynamically meta-
stable [11]. Also, the zinc blende phase is stable only
when a film gets grown onto a cubic substrate and the
rock salt structure is stable at high pressure [11]. It is
also known that due to high mismatching between the
film and substrate, a separated region of ZB phase

@ Springer
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separates the WU grains. The ZB phase has higher
crystallographic symmetry which decreases the scat-
tering of charge carriers and enhances the device fab-
rications [11]. These attractive properties of ZB phase
enhance the attempts of preparing single-phase ZB-
ZnO films. Ashrafi et al. [12] report the successful
deposition of stable ZB-ZnO thin film onto GaAs (001)
substrate with ZnS as a buffer layer. In another work by
Lee et al. [13], mixed WU and ZB-ZnO films were
reported on sapphire (0001) substrate. Kim et al [14]
reported the transformation of WU-ZnO to ZB-ZnO
upon annealing at temperature above 600 °C onto Pt/
Ti/SiO,/Si substrate. All these published materials
reported the existence of the ZB-ZnO phase when a
film gets grown onto the cubic structured substrate.
Single-phase ZB-ZnO thin films prepared by spray
pyrolysis have been reported by Muioz-Aguirre et al.
[15] and Martinez-Pérez et al. [16] which found to be
oriented in (004) direction.

Zinc oxide has proven, through many studies over a
long period of time, its ability in detecting ultraviolet
radiation with high efficiency. The chemical stability
and non-toxicity of ZnO has made it superior material
in many applications [8]. In 1954, Mollow reported for
the first time the UV detection property of ZnO [17].
Since that time, especially in the eighties of the last
century, studies have intensified on the use of zinc
oxide as a detector of ultraviolet radiation. UV detec-
tion has drawn attention due to a wide range of civil
and defense applications. Even in the modern time,
many studies focused on studying this property for
samples of zinc oxide prepared with different tech-
nologies and in different nanometer forms and using
many tricks such as doping or mixing with other
materials such as carbon materials, to improve the
performance of the material as ultraviolet radiation
detectors. Despite of several efforts, in the case of
doped and undoped ZnO nanostructures, it is very
much challenging issue to make a simple and low-cost
photodetector till now.

Here we report the formation of the ZB-ZnO
structure beside WU-ZnO structure onto the amor-
phous glass substrate. Aerosol Assisted Chemical
Vapor Deposition (AACVD) technique has been
employed to prepare the deposited films. The struc-
ture, microstructure, and optical properties of the
deposited films have been investigated and the effect
of Co-1wt% has been studied. The performance of
deposited films as a UV detector has been also
reported.

@ Springer
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1.1 Experimental details

A solution for preparation of pure ZnO film was pre-
pared by dissolving 0.5 gm of Zinc Acetate pentahy-
drate salt in 50 ml of Ethanol. Here Zinc Acetate
[Zn(CH3COO0),-2H,0] was used as Zinc precursor. This
mixtureis kept on a magnetic stirrer for 15 min until itis
all clear. The solution was placed in two necked 100 ml
round bottom flasks. One neck was connected to the air
compressor, to provide air as the gas carrier, and the
other was fitted to a glass column where the substrates
were placed. The schematic diagram was shown in
Fig. 1. The two necked flasks were placed in a water
bath above an ultrasonic humidifier to generate the
aerosol. The generated aerosol was carried into the
reaction zone by air. The glass column containing the
substrate was placed into a horizontal tubular furnace
where the temperature was fixed at 380 °C. The flow rate
of the air was fixed at 5 L/min and the process takes
40-45 min. After the precursor has been consumed, the
films were allowed to cool down to room temperature.
For cobalt doping, Cobalt acetate [Co(CH;COO),-4H,.
O] was added ae per required ratio with the zinc pre-
cursor. For doping of 1 weight%, with respectto 0.5 g of
Zinc acetate, cobalt acetate was weighted and added to
the starting precursor.

The as deposited films were characterized by X-ray
diffraction with Cu Ko radiation (4 = 1.542) on a DX-
2500 diffractometer. Field Emission Scanning Elec-
tron Microscopy (FE-SEM) has been used to study the
surface morphology of all deposited films. The
FESEM instrument used was of Zeiss Sigma 500 VP
Analytical FESEM model from Cael Zeiss (Germany).
Also, the ratio of each element in the composition has
been determined using Energy Dispersive X-Ray
Analysis (EDX spectroscopy). The optical properties
have been characterized using T70 double-beam
spectroscopy in the spectral range of 200-1100 nm.

The properties of the deposited film as a sensor for
365 nm UV light have been investigated. This was
done by recording the change in the value of the
electrical current passing through the thin film
material—when the potential difference was constant
(2, 5, and 10 V) and the film was exposed to ultravi-
olet radiation for a period of time of 5 s. After these
5 s, the light is turned off and the behavior of the
electric current is recorded to return to its original
value. In this part of the study, we used Corrtest
potentiostat to record the current variation with the
light on/ off.
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Fig. 1 Schematic diagram of experimental set-up

2 Results and discussion
2.1 XRD results

Figure 2 shows the XRD patterns for pure and Co-
1wt.% doped thin films in the range of 2-theta from 5°
to 90°. As shown in the figure both films show a
crystalline nature by recording diffraction peaks at
certain 2-theta values. XRD study shows the forma-
tion of mixed phases of ZnO. In pure film, the
recorded peak at 33.76° matches the main diffraction
peak of (111) plane for cubic ZnO. Zinc blende phase
with space group F43m (ICDD 065-2880). Other
peaks match the hexagonal phase with space group
of P63mc (ICDD 075-1533). Upon doping, the inten-
sity of ZB-ZnO (111) peak was found to decrease in a
significant fashion with generating a new diffraction
peak at 67.02° which is indexed by (311) plane for ZB-
ZnO phase. This decrease in the (111) plane intensity
could be attributed to the lower scattering factor of
Co compared to Zn [18] and the formation of a new
phase of C0,ZnO,. The peak generated at 55.56° well
matches the (422) diffraction peak of Co,ZnO, phase
(ICDD 002-1069). While WU-ZnO phase peaks do not
suffer same type of reduction and remain approxi-
mately the same as that in pure film. Such a result
implied that Co ions prefer to interact with ZB-ZnO
than WU-ZnO. It also shows that the low solubility of
Co into ZB-ZnO since it is separated in a new phase
as shown in Fig. 2. Salah et al. [18] studied the effect
of Co doping concentration on the physical proper-
ties of ZnO thin films prepared using spray pyrolysis.

Precursor
Solution

Page 3 of 13 1344

Furnace

Furnace

Substrate

They recorded the formation of WU-ZnO single
phase at all doping concentrations of Co up to 10
wt%. In another work by Basit et al. [19] Co was
found to be soluble in hexagonal ZnO phase up to
20%.

The crystallite size of the deposited films was
estimated using Scherer’s equation [20];

oo
~ PcosH

were ) is the X-ray beam wavelength (1.54 A), Bis the
full width at half maximum for the diffraction peaks
in radians and 6 is the center of the diffraction peak
also in radians. The crystallite size has been estimated
for each phase from the value of the FWHM for each
recorded diffraction peak. Table 1 lists the obtained
values for each phase. As listed in Table 1, the crys-
tallite size of ZB-ZnO is constant after Co doping
while WU-ZnO crystallite size decreased upon
doping.

2.2 Microstructure results

Figure 3 shows the FE-SEM images of deposited film
surfaces at two different magnifications powers. As
shown for pure and Co-lwt% films, irregular
hexagonal-shaped sheets are formed. This irregular-
ity in the hexagonal sheets increases upon Co doping.
The crystallite size was estimated from FESEM ima-
ges by using Image] software. The observed sheets
are found to cover the whole surface of the substrate

@ Springer
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Fig. 2 XRD patterns of pure
and Co-doped ZnO films
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Table 1 The corresponding crystallite size of each recorded phase
in pure and Co-doped films

Film Phase D (nm) Planes

Pure ZB 14.68 111
wu 16.54 101

Co-1wt% ZB 14.66 111
wWu 15.24 101
C0,Zn0y 15.88 422

in uniform distribution. Although the observed uni-
form distribution, the hexagonal sheets are found to
have different side lengths. Figure 4 shows the dis-
tribution of the side lengths of the apparent sheets in
both films. As shown in the figure, the pure film
shows wide distribution of the hexagonal size with a
mean value of 200 nm. Upon Co doping, wider dis-
tribution of the hexagonal nanosheets’ side length is
found with a smaller mean value at 148 nm. This
implies that Co doping results in shrinking in the size
of the hexagonal sheets. This size reduction denotes
better crystallinity in the films.

@ Springer
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Ikhmayies et al. [21] reported the formation of WU-
ZnO hexagonal micro discs onto the amorphous
substrate. This explained the formation of a hexago-
nal structure as a result of suppression of the growth
along the [0001] direction due to the stress in the
deposited film and capping effect of the byproduct of
HCI vapor produced from zinc chloride which had
been used as the source of ZnO.

This could be attributed to the lower mobility of
the chemical species upon doping on the substrate
surface which diminishes the size of the formed
sheets. Also, the high surface tension of Co-doped
sheets could be a reason for the observed shrinking in
the size of the sheet. So cobalt doping has a critical
effect on phase structure, crystallinity, and mor-
phology. The close look in the FESEM magnified
images clarifies that the irregular length of the sides
of the hexagonal nanostructures have generated some
porosity in the material which may have some effect
on its properties. Figure 5 shows the EDX spectra for
both deposited films. The O/Zn ratio in the pure film
was found to be 1.96. This ratio is higher than the
stoichiometric ratio of ZnO which is 1. This means the
deposited films show higher oxygen content than
what it is supposed to be. This may be due to changes
in surface stoichiometry which may convert the
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oxygen deficient state to oxygen excess state as well
as reduction of Zn ion. Such a result has been
reported in another study [22]. The ratio O/Zn sug-
gests high oxygen content which can be attributed
from native defects of ZnO. This may be due to an O
atom occupying a Zn lattice. This native defects are
responsible for changes in the electrical as well as
optical properties in ZnO [23].

2.3 Optical properties

Figure 6 shows the transmission spectra of pure and
Co-doped ZnO thin films deposited over substrates.
As shown in the figure, both films show high trans-
mission levels with values between 70 and 80% in the
wavelength range greater than 500 nm. The observed
interference fringes have been used to estimate the
thickness of the deposited films. The thickness has
been estimated using PARAV software [18]. Pure
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Fig. 5 EDX spectra of pure and Co-doped zno thin films

films show a thickness of 1168 nm, whereas 1 wt%
Co-doped film shows 508 nm. Such reduction in the
thickness of ZnO films upon a low amount of Co
doping has been recorded by other authors also [18].
As shown in Fig. 4, no absorption bands can be
attributed to the cobalt ions as a result of the crystal
field as recorded by others [24-26]. This could be
ascribed to the small content of Co in the deposited
films. Such absence of Co absorption bands at low Co
concentration levels is recorded in the work of Salah
et al [18].

The band gap value of deposited films is estimated
from Tauc’s equation;
(hv — Eg)"

hv

where A is a constant, hu is the energy of the incident
photons, Eg is the band gap value and n is an expo-

nent depending on the transition nature. It is well
known that ZnO is a direct band gap semiconductor

o=A

with n = 0.5. Figure 7 shows the variation of (ahv)?
against hv. The extrapolation of the straight line
intersects the hv axis at the band gap value. The
estimated band gap values were found to be 3.26 eV
for pure ZnO, whereas for Co doping it is 3.24 eV.

@ Springer
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This revealed no significant change in the band gap
value upon Co doping even after the significant
reduction in the film thickness. In another way, we
can state that the amount of change is neutralized by
the reduction of thickness.

2.4 UV detection

Figure 8 shows the time-dependent photocurrent of
Ag/ZnO/Ag upon UV illumination in the air at
room temperature. The behavior of the pure and Co-
doped films is similar where fast increase during
light ON state and slow exponential decrease at light
OFF state. In bulk materials, the photo generation of
charge carriers (electrons and holes) occurs with light
illumination and annihilates by recombination after
the light is turned off. But in thin films and nano-
materials, due to their high surface-to-volume ratio,
the adsorbed species onto the surface of the materials
play an essential role. For ZnO thin films, the process
is highly affected by the adsorption/desorption of
oxygen or water molecules onto the surface. The
adsorption species on the film surface reduce the
available free electrons which decrease the conduc-
tivity of the film [27]. Also, adsorbed ions on the
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surface of ZnO reduce the mobility of the remaining
electrons creating a depletion layer near the surface
of the film [28]. Upon illumination with photo energy
higher than the band gap value, the photo-generated
holes migrate to the film surface which neutralizes
the charged adsorbed ions onto the surface liberating
the bound electron which increases the conductivity
and the passing current. It is also observed that the
dark current of the Co-doped film is lower than the
pure film which indicated the decrease in film con-
ductivity upon doping [29, 30].

Figure 9 shows the incremented part of the pho-
tocurrent at an applied voltage of 2 V for pure and
Co-doped films. As shown in the figure the pure film
shows an exponential increase in the photocurrent
which indicates a single mechanism responsible for
the photodetection process. While for the Co-doped
film, a fast increase in the current is observed fol-
lowed by a slower linear increase. Such two different
mechanisms in the doped film could be attributed to
the significant difference in the mobilities of electrons
and holes. The fast increase could be attributed to the
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Fig. 8 Photocurrent variation
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Fig. 9 Response and decay of photocurrent for pure and co-doped films at applied voltage 2 V

electron-hole pair generated upon absorption of UV~ with the adsorbed species onto the surface of the film.
light and the slow increase in current could be For pure film at all applied voltages, the raised
attributed to the interaction of the generated holes behavior can be fitted with an exponential associated
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function [I=K+1I (1 — efﬁ) +1p(1— eié)]. Such

behavior was recorded by Panda et al. [31]. But in the
report of Law et al. [32], the rising behavior was
found to follow a single-order exponential function.
While Co-doped films are not fitted with the same
function. Figure 10, shows the decay behavior of the
current after the light is turned off. As shown in the
figure, the pure film shows a single decay behavior
which can be fitted with second-order exponential

function [I = K+ILe™ +Ize_é] [31]. But the Co-
doped film shows a fast decrease in the current fol-
lowed by an exponential decay which can be
expressed by the same second-order function. The
fast decay could be attributed to the fast recombina-
tion of the electron-hole pair, and the trapping of the
free electrons at the Co trap centers formed upon
doping or adsorption of water molecules onto the
surface. The adsorption of water onto the film surface
is known to shorten the current decay process which
results in reducing the decay time [31]. The expo-
nential decrease in the photocurrent is a result of the
re-adsorption of the oxygen molecules on the surface.

The response time is known to be the time taken by
the photocurrent to increase from 10 to 90% of its
maximum value while the decay time is known to be
the time taken by the photocurrent to reduce from 90
to 10%. These two times are estimated based on
recorded data shown in Fig. 6. Figure 9 shows the
variation of the response time and decay time at
different applied voltages for both films. As shown in
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figure, pure film exhibits a reduction in the response
time from 7.8 at the applied voltage of 2 V to 5.3 and
4.7 s at 5 and 10 V, respectively. Response time of
ZnO photodetectors has been recorded in many
studies which show different values depending on
the structure of the films (phase, defect concentra-
tion) and the design of the device itself. Table 2
shows recorded values of response/decay time from
published materials.

Upon doping the response is faster for raise time
with value recorded as 4.17 s,4 s, and 45 s at 2V,
5V, and 10 V applied voltages, respectively. Thus,
despite the reduction in the electric current value, the
raise time has been reduced which means a faster
response of the doped films compared to pure ones.
On the other side, the decay time shows much longer
time values. The pure ZnO film recorded 412 s decay
time at applied voltage 2 V which decreases at higher
applied voltage values. However, upon doping, the
decay time was found to increase significantly to
record 936 s, 1357 s, and 4904 s at applied voltages 2,
5, and 10 V. This means that the lifetime of free-
charge carriers in doped films is longer than in pure
films [41].

Besides the response and decay times, gain (G) is
an important factor that can characterize the prop-
erties of photodetectors. It can be estimated using the
following Egs. [42, 43];

I ph

=1,

Fig. 10 Raise and decay time 80 | .
for pure and co-doped ZnO 75| response time (t,)
films at different applied 7.0 |- —m— Pure
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6.0 -
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Table 2 Response and Decay

time as recorded in published Film Response time Decay time References
terial
maerials Cd doped ZnO 25 37 [33]
Na:Cd co doped ZnO 16.1 s 46 s
ZnO 24.6 s 46.2 s [34]
Graphene (25%):ZnO 158 s 36.6 s
AVZnO - 700 s [35]
Mn:ZnO 160 s - [36]
ZnO 4 ms 6 ms [37]
ZnO 20 ns 250 ns [38]
ZnO 10 ms Several hours [39]
ZnO - > 12.9 ks [40]
Fig. 11 Gain value for pure 90 |
and co-doped films at all
. 8.5 -
applied voltages
8.0 -
7.5 |
7.0 -
6.5 | —=— pure
=60k —e— Co-doped
O
O 55
50
4.5
4.0
3.5
3.0
o—
[ —
25 ] ] B S ] ]
2 4 6 8 10

where I, is the photocurrent and I is the dark cur-
rent. Gain describes the photocurrent to dark current
ratio. Figure 11 shows dependency of gain value on
applied voltage for both deposited films. The reduc-
tion in the gain upon Co doping could be attributed
to the smaller photocurrent in doped film than pure
one. This could be attributed to the mechanism of
electron excitation in Co-doped ZnO. The photocon-
ductivity in Co-doped ZnO is a result of *A, — *T,
transition d-d excitation state as stated by Johnson
et al. [44]. Upon Co doping the conduction band edge
which raises the Co*™/*" ionization energy relative to
the *T(P) state[44, 45] which become more localized.
This makes electron transfer from Co®* to the con-
duction band less favorable and reduces the pho-
tocurrent significantly.

@ Springer

applied voltage, V

As shown in the figure the gain value in each film
decreases at applied voltage 5 V and are nearly con-
stant at 2 and 10 V, in both films. The gain also can be
defined as the ratio of the hole (minority charge
carrier) lifetime (t,) and transit time(t,), G ::—‘: [38].
As shown in Fig. 10, the gain of the pure film is
higher than Co-doped one. This could be attributed
to smaller electron mobility (u,) and the hole lifetime
(t,) upon increasing the applied voltage. This con-
clusion is based on the relation between the gain and
the other parameters according to the relation [46];

G= ‘Ep,u,,V/Lz

where L is the electrode separation distance and V is
the applied voltage. In this work the applied voltage
is maximum at 10 V value. This lead to a small
electric field inside the film material and results no
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change in the mobility value. Sato et al. [47] studied
the dependency between electron mobility and the
electric field, they found a significant increase in the
electron mobility value upon applying a high electric
potential/electric field. The used potential difference
in this study is 300 V and higher. In another study,
the variation of the electron mobility was found to
change at high applied voltages in the range of kilo
volt as studied by K. ALFARAMAWI [48]. As the
used potentials in this study are very small compared
to these studies, we consider the electron mobility to
be constant in each deposited film. Accordingly, the
observed reduction in the current gain factor upon
increasing the applied voltage could be attributed to
the reduction in the hole lifetime value.

3 Conclusion

In the present study, we successfully prepared
hexagonal nano-sheet thin films of pure and Co-
doped ZnO thin films. Mixed ZB and Hexagonal
phases were recorded based on XRD results with
almost constant crystallite size between 14 and
16 nm. Film thickness was estimated from the inter-
ference fringes recorded in the transmission spectra.
Upon doping the thickness was found to decrease by
half value compared to the pure film. The irregular
hexagonal formed may create some porosity in the
material. Optical measurement show no significant
change in the band gap value which changes from
3.26 to 3.24 upon Co doping. The response time was
found to reduce upon Co doping which recorded a
minimum value of 4 s for Co-doped ZnO films at 5 V
applied voltage. On the other hand, the decay time
for Co-doped film is much larger than for pure film.
The gain value of all films was found to reduced
upon co doping which attributed to the possible
reduction in the carrier mobility or their life time.
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Abstract

In this research work, we have deposited cobalt oxide as pure and Ni-dopddthimsing spray

pyrolysis. The concentration of Ni has been changed from 0 to 6 wt% imalwhile other deposition
parameters arexed. The characterization of depositéads has been ¢ using X-ray diffractiodtRD),

energy dispersive x-ray spectrosd&iyX), x-ray photoelectron microsco€¢P3g, scanning electron
microscop€SEMN), and optical spectroscopy. The XRD results corthe formation of CgO4 as the
low-temperature stable phase of cobalt oxide and the successful doping with nickel. The XRD also show
the preferred orientation of growth ofm is along th€111) plane and the crystallite size was found to
decrease with increasing Ni content. The SEM micrograph of the depdsitedrfaces revealed that

the samples are porous and in some parts of the sample, the particles are agglomerated due to doping.
The Nidoping was commed by both EDX and XPS. The Niconcentration was found to increase
according to dopant concentration. The XPS data of the 4 wt¥has been recorded which cams

the existence of NI in the depositedims. Both optical transmission and extion spectra have been
recorded using a spectrophotometer. The band gap values have been found to decrease upon Ni-dopin
The electrochemical properties of the pure and nickel-doped cobalt dmidevere measured by cyclic
voltammetry(CV), galvanostatic charge-dischgi@€D), and electrochemical impedance spectroscopy
(EI9in 0.3 M KOH electrolyte. The specicapacitance of 4 wt% Nidoped Co304 was found to be 804
Fg-1ata2 mVs'scan rate which is 90% higher than pubes. The important property of this material

is that it shows excellent retention of 96% and remains almost constant for 10000 cycles. The impedance
analysis reveals that 4 wt% Ni doped cobalt oxintehas the lowest&alue of 0.2 cm Zand lowest

Rervalue of0.05 cm Zin comparison to otherlms which have excellent super-capacitive nature.

These outstanding electrochemical properties of 4 wt % Ni-doped Co3O04ithirave madeita

potential candidate for anode material in supercapacitor devices.

1. Introduction

With the increasing demand for energy due to the increase in world population, the sources of conventional
energy will not be able to meet this in near future. So, interest in green technology is growing among every stack
holder. But we cannot make it popularize until alow-cost non-conventional energy system is developed. The
main challenge for this is its storage capacity. A renewable energy source with an excellent storage system cank
agame changer once a decent storage material is fabfic&jeBatteries have led the sector for afew decades

but batteries alone cannot provide a total solution to the limitation of energy storage systems. Nowadays,
electrochemical supercapacitors are gaining interest among energy storage systems as aresult of their different
advantages including high power density, good energy density, longer cycle life, excellent reversibility, and rapic
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charge-discharge capability. Itis widely used by the consumer in hybrid or electric vehicles, electronics systems,
memory backup systems, aircraft, and smart §8dg. Supercapacitors are clagsl into two categories based
ontheir storage mechanism, electrochemical double-layer cap@€Dir€) and pseudocapacitors. The
EDLCs store charges via an electric double layer also known as the non-redox process whereas pseudocapacitc
store charges with help of the redox process. At electric double-layer charge storage arises from the accumulatic
of electronic and ionic charges at the electf@tiectrolyte interface and no charge transfer takes place. Mainly
carbon-based materials with a large effective surface area such as activated carbon, graphene, CNT, etc are use
largely as the electrode for EDLCs. Metal oxides such as R Fe03, MnO,, Cos0,4, TiO,, ZnSé FeSand
conducting polymers are used as electrode materials in pseudocapae€itérs

But still, now there are a lot of challenges to developing energy storage systems having quite low energy
density, stability, capacity retention, and high cost of manufactfirif4]. Great research effort has been
intended to exaggerate the energy density of supercapacitors without forfeiting their high-power capability to
reach the expected levels of batteries. Therefore, itis very much critical to develop high-performance electrode
materials. So, intensive research focieft energy storage electrode material is in high demand. Transition
Metal oxide§TMO) have gained alot of interestin the previous decades among researchers due to their variable
oxidation states originating from the incomplete d sub-shell that permits them to show an outstanding blend of
structural, electrical, and electrochemical propeftigls

The variable oxidation states of TMOs help them to transfer multiple electrons which leads to extending their
discharge prde by fast faradaic redox reactions. This further enhances its energy density. TMO-based composites
have excellent electronic conductivity géént charge storage capability, better cyclic stability, and rate capability.
Nanosized TMOs show outstanding properties than their bulk counterparts due to an increase in effective surface
areafor nanoscale morphology and a high surface-to-volume ratio. This also improves tloespecitance,
and energy density and fastens the charge-discharge rate. This has made them attractive for supercapacitor
electrode materials. TMOs are widely used in catalysis, semiconducting devices such as energy-storing devices,
solar cells, thinlm transistors, electrochromic sensors[&fe17]. Buttill now we need to address the major
challengesincorporated with TMO materials like poor electrical conductivity, low surface area, effective pore size,
comparable low cycle capability, and power density to improve the electrochemical properties.

Among different transition metal oxidéEMO), cobalt oxide is one of the mostimportant spinel oxides
having cubic structure with two oxidation states of cobalt denoted by&ul Cd 3which represent
tetrahedral and octahedral coordination with oxygen atoms respe¢figely has mainly three phases termed
cobaltosic oxid6C0s0,), cobaltic oxid¢Cos0,), and cobaltous oxid€00). The CaO4and CoO phases have
been studied by different researchers widely due to their interesting electronic and unique magnetic structures
[19). Cobalt oxide is known to have a very high theoretical speaipacitance of 36504, low cost, natural
abundance, and ease of synthesigOgis known to be most stable in the temperature range below@pa).
It has beenintensively studied by researchers due to its electrical conductivity, electro-active sites, speci
surface area, and chemical stability. The designings&ioaterial in terms of its element composition,
doping material, the fabrication of different nanostructures, their electroconductivity, and oxygen vacancies
have improved its both physical and chemical performances to get excellent electrode material. It can also be
used as an electrocatalyst for arcefnt hydrogen evolution reactigdER) [21]. The unique features of doped
metal oxides like G, have led to great advances in pseudo-supercapacitor electrodes and have steadily
upgraded the energy density of the material to the level of battery without losing the practical capacitor power
delivery. So, supercapacitors bridge the gap between batteries and cdpalfog©, has great potential to
replace Ru@which is extensively used as pseudocapacitive material. This inexpensive, environment-friendly
material has several stable oxidation states and subsequent high theoretigatapacitance which had made
itexcellent for energy storage applications. The effective capacitance contribution comes from the formation of
transition metal hydroxides in the course of the charging process in alkaline electrolyte® ds &o
important material that exhibits excellent electrochemical properties. In recent work, we have chosen nickel
doping because the atomic radius of nickel is nearly equal to that of cobalt. The Ni dopir@it@ocreate
many defective sit§ad3. Atrivial variation in doping concentration can cause very sarit changesin
different properties. G0, has been synthesized through various processes such as spray [B4hlysis
chemical vapor depositiga5, sol-gel methofl26, 27], SILAR 28], and MOCVD[29]. The structural
properties along with chemical composition and surface morphology depend on the variation of deposition
parameterf3d.

In this work, we have synthesized purgOgthin Ims and doped them with nickel to investigate their
various properties. The effect of doping percentage on the properties of cobalGmsfdg) thin Imsis
analyzed using various techniques including electrochemical characterization. For the prepared samples,
microstructure, morphology, and electroconductivity play a vital role in their excellent behavior. Thus, the lucid
design of cobalt oxides with control porosity and enhanced electroconductivity would help us to achieve the
expected performances.
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