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ABSTRACT

The controlled deposition and post-deposition treatments are fundamental steps in the synthesis of thin films in the
range of nanometer to several micrometers in thickness for various applications. Because the uniform coating of
nano-particles of doped metal oxide modifies the properties of metal oxide, thin films of cobalt-doped manganese
oxide are prepared using the Jet nebulizer spray pyrolysis procedure at a temperature of 300°C in this study. The
thin films are annealed in an air environment for two hours at various temperatures, including 350°C, 450°C, and
550°C. Cobalt thin films were produced and annealed for two hours at 550 °C in the air before being tested. The
effect of annealing temperature and atomic percentage content of dopant cobalt in manganese oxide thin film on
their properties were characterized by XRD, photoluminescence spectroscopy, UV-vis spectroscopic technique,
scanning electron microscopy, and EDX. The characterization of the thin film reveals that these thin films are made
up of uniformly coated doped metal oxide particles with (002) plan as a preferential orientation of crystal growth
and band gap energy in the span of 2.5 -1.65 eV. The sensing property of the thin films towards ethanol was also
characterized.
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INTRODUCTION
Researchers show attention to metal oxide nanoparticles due to their optical, magnetic, and electrical
properties. These metal oxides in their nano size exhibit different properties from their bulk material.!
These peculiar properties of metal oxide nanoparticles induce researchers to employ transition metal
oxides in their nano form for various potential applications like gas sensors, optoelectronic devices, and
photovoltaic solar cells.>*Though many transition metal oxides are available, manganese oxide is one of
the considerable materials because, manganese oxides exist in various forms due to their variable
oxidation state and also, exhibit high intrinsic movement of Mn.’> Also, manganese oxides possess various
crystalline phases and morphologies corresponding to MnO, MnO,, Mn,O3, and Mn3O4. Manganese oxide
thin films are utilized extensively in a wide range of applications, including sensors, solar cells,
rechargeable batteries, catalysts, and magnetoelectronic devices, in addition to composites.® Since the thin
film of metal oxide exhibits peculiar properties than the bulk material, researchers showed more interest
in the preparation of a metal oxide thin film. Though several methods are available to prepare thin films
because the spray pyrolysis technique creates nano-sized particles with controlled film thickness, is an
excellent approach for thin film creation.”® Doping manganese oxide thin films with transition metal are
one of the efficient routes to improve their optical and electrical properties.” Even though intense research
has been carried out on manganese oxide materials, manganese oxide and their doped thin films are
limitedly studied.!®!* Since spray pyrolysis produces good quality thin films, a modified form of it called
the Jet nebulizer spray pyrolysis technique, which involves an effective atomization process to convert the
solution into the mist is used to prepare thin films. The crystal structure and shape have a notable effect
on the thin film’s optical and electrical characteristics. The doping and annealing processes may be
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optimized to alter the characteristics of thin films obtained from their crystal structure and shape. The
effect of doping and annealing on structural, optical, morphological, and sensing features of cobalt-doped
manganese oxide thin films prepared by jet nebulizer spray pyrolysis are investigated in this study.

EXPERIMENTAL

This film is created by depositing thin films of cobalt-doped manganese oxide over a glass substrate. To
eliminate any remaining impurities from the substrate, the glass plates are properly cleaned with double-
distilled water. After this process, plates are immersed in a 2N nitric acid solution for the removal of
oxide impurities on the surface of the glass substrate, again the substrate is washed with double distilled
water and dried well.”> To completely remove the impurities on the glass substrate, this process is
repeated 3  times. Cobalt acetate (Co(CH3COO),) and manganese acetate tetrahydrate
(CH3COO0);Mn.4H,0) are used to generate 0.2M stock solutions of the analytic grade chemicals.
Appropriate quantities of the solutions have been mixed so as to get 2, 4, and 6 atomic percentages of
cobalt in the film deposit. The mixtures are stirred well and then ultrasonicated for 10 minutes for
homogenizing the solution. 8ml of the composition mixture is taken in the nebulizer and the top of the
nebulizer is attached with a typically fabricated glass container tube. The bottom of the nebulizer is
connected to a compressed air flow set with 4-atmosphere pressures. The compressed air converts the
solution into mists. The mists are passed through the guiding glass tube to reach the well-cleaned glass
substrate preheated at 300°C by an electrical heater. The mist which is deposited over the substrate
undergoes pyrolytic decomposition to form metal oxide thin films at this temperature. The thin metal
oxide coatings are annealed at 350, 450, and 550 degrees Celsius. XRD, PL, Uv-vis, SEM, and sensor
systems are used to examine the influence of various annealing temperatures and compositions on cobalt-
doped manganese oxide thin films in terms of structural, optical, morphological, and sensing features. Gas
sensing system: It is etched tin oxide glass that is coated with cobalt-doped manganese oxide thin layers.
Ohmic contacts are made using silver (Ag) paste. The sensor is placed in an electrically controlled
furnace chamber maintained at the desired temperature (250 °C). The ethanol and dry air are passed
through the mass flow controller which can control the concentration of ethanol (100 ppm) in dry air for
this study. The sensor is connected to a four-probe setup to measure the change in resistance. Based on
the variation in resistance observed, sensing properties evolved.

RESULTS AND DISCUSSION
X-Ray Diffraction (XRD)
The effect of annealing temperature (350, 450, and 550°C) and dopant content (cobalt: 2, 4, and 6 at.%)
on the crystalline nature of manganese oxide thin film are studied using the XRD technique. Figure-1a
shows the usual XRD pattern of 4 at. percent (at. percent) cobalt-doped manganese oxide thin films
annealed for two hours at 350°, 450°, and 550°C, as well as two and six at. Percent cobalt-doped
manganese oxide thin films are annealed for two hours at the same temp (550°).
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Fig.-1: (a) XRD and (b) PL pattern of 4 at. % cobalt doped manganese oxide thin film annealed at(a) 350°C, (b)
450°C and (c) 550°C for 2hrs, (d) 2 at.% cobalt, (¢) 6at. % cobalt doped manganese oxide thin films annealed at
550°Cfor 2 hrs.
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The absence of strong distinct peaks in the XRD pattern of the thin film that has been annealed at 350°C
for two hours may be attributed to the amorphous state of metal oxide. The thin film annealed at 450°C
for 2 hours shows a peak (2 thetas) at 31.77° but with low intensity. The peak formation at 31.77° (2
thetas) indicates the beginning of crystallization of the cobalt-doped manganese oxide on annealing at
450°C."*Increase in the temperature to 550°C and annealing for 2 hrs the particles of the thin film
crystallize well is indicated by the intense peak at 31.87° and 66.37° corresponding to (200) and (400)
planes. When the annealing temperature is raised to 550°C, the crystallization rate increases. In addition,
the agglomeration of particles at higher temperatures might be linked to the growth of crystallites during
annealing. Figure-1a depicts the XRD patterns of two-hour JNS-produced cobalt-doped manganese oxide
thin films heated to 550°C. At 31.77° (2 thetas) there are strong and highly intense peaks that correspond
to (200) and (400) planes, respectively, in the XRD pattern of thin films. There are no further distinct
phases of Co that have been seen. The XRD pattern matches with the Hausmannite structure if the
inconsistent poor intense peaks are discounted based on the disparity between nano and bulk crystalline
particles.!” Hausmannite structure is attributed to a complex mixture of Mn*" and Mn*" oxide.!® The
formula for the structure is Mn**Mn,**O4. Therefore, the prepared thin film particles can be considered to
belong to the spinal group and form a tetragonal structure. The lattice parameters for the crystalline phase
of the thin film are calculated using the equation (1).

1 h2+k? | 12 1)

i a? c?
Where a and c are lattice constants, d is the interplanar distance, and hkl is the Miller index. The values
obtained of a, c, a/c, and unit cell size are 5.754A, 9.330 A, 1.6515, and 309.75 A respectively. These
numbers are quite close to what has been published.! The difference in ionic size between cobalt (II)
(0.72A) and manganese(II) (O.SOA), which vexes the electron cloud and creates a different environment,
is responsible for a little deviation in lattice parameters. The crystallite size of the prepared cobalt-doped
manganese oxide thin film is calculated using the Debye Scherrer equation (equation (2)).

7]

D= Lcosb (2)
Since amorphous films annealed at 350 and 450 °C cannot be used to determine the crystallite size of the
particles, the annealed at 550 °C thin films is used to do the calculation. As predicted, the average
crystallite size of cobalt doped manganese oxide thin films was 32, 55, and 67 nm, according to the
calculations. The JNS process may be used to manufacture cobalt-doped manganese oxide thin films with
high crystallinity.

Photoluminescence (PL)

Photoluminescence spectrum (PL) was used to analyze the optical properties of prepared samples. Figure
1b shows the PL spectrum of cobalt doped manganese oxide thin films annealed at 350°C, 450°C, and
550°C, respectively. Thinned films that have been annealed at 350°C show a wider peak in the 350—400
nm wavelength range compared to those annealed at 450°C, which have an enhanced intensity in that
range. In contrast, the 550°C-annealed thin film reveals a strong 360.7 nm peak and a peak in the 500-550
nm regions. When a thin film is annealed at 350 °C, surface imperfections or oxygen defects create broad
peaks in the 350-400 nm range.”” In the PL spectrum of a thin film that is annealed at 450°C, the band-to-
band transition of metal oxides is fully evident. The band-to-band transition of metal oxides is clearly
visible in the PL spectra of a thin film that was annealed at 450°C.2! 550°C annealed thin film shows a
peak in the near band edge transition at 360.7 nm.** The presence of an emission peak in the 500-550 nm
region suggests that the samples have oxygen or crystal defects.?® Increased annealing temperature leads
to a rise in the intensity of the peaks, which may be attributed to the development of crystals in the thin
films at extremely high temperatures. The photoluminescence spectrum of the cobalt-doped manganese
oxide thin films exhibited in Image 1b is depicted in the figure after annealing at 550°C for two
hours(c,d,e). Cobalt-doped manganese oxide thin films with 2% cobalt had an absorbance peak at 361.2
nm, but those with 4% and 6% cobalt had an absorbance peak at a longer wavelength, respectively. In
addition, when cobalt concentration rises, the peak's strength reduces at 360 nm and increases in the 475-
550 nm region. This fact can be attributed to the increase in defects owing to an increase in cobalt
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doping.* The cobalt can have good intercalation with the manganese oxide crystal lattice at low
concentrations but at higher concentrations, it induces crystal defects.?

Scanning Electron Microscope (SEM)

Scanning electron microscopy has been utilized to assess the shape and particle size of the cobalt doped
manganese oxide thin films. SEM is used to anneal manganese oxide thin films for two hours at 350, 450,
and 550 degrees Celsius. There area uniform and smooth layer at both 350°C (Fig.-2a) and 450°C (Fig.-
2b) thin film annealing conditions. However, particle formation is hardly found with these films which
indicates that these films may be amorphous in nature. Whereas, the thin layer annealed at 550°C exhibits
the crystalline nature of the particles with a compact, smooth, and uniform surface layer.

Fig.-2: SEM image of 4 at.% cobalt doped manganese oxide thin films annealed at  (a) 350 °C (b) 450 °C and (c)
550 °C for 2 hrs.

The annealing temperature has a significant impact on the morphology of the thin film, as discussed in the
preceding paragraphs. Moreover, the thin films are devoid of fractures and pinholes because the particles
are firmly packed. In order to achieve a crystallized state, the film must be heated at 550°C for 2 h at a
rising temperature. The average particle size of thin film annealed at 550°C for 2 h (Fig.-2c) is 60 nm,
which could be correlated to the crystallite size obtained from XRD data of the film (55 nm). Since the
crystallite size and the particle size are almost the same, the particles could be a perfect crystal and which
is further supported by the sharp and intense peak observed in XRD.
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Fig.-3: SEM image of (a) 2 at.%, (b) 6 at.% cobalt ped mangnese oxide thin films annealed at 550 °C for 2 hrs.
(c) EDS spectrum of 4at.% cobalt doped manganese oxide thin films annealed at 550 °C for 2 hrs

Figure-3 shows JNS-prepared manganese oxide thin films with cobalt doping after two hours of annealing
at 550°C. Figures 3a and 3b show SEM pictures of 2% and 6% of the samples, respectively. This type of
manganese oxide thin film is composed of spherical particles of 40 nm in diameter that are deposited
evenly over the substrate (Fig.-3a). The thin film is free from cracks and holes as the particles are densely
packed. However, the SEM image (figure 3b) of 6 at.% cobalt doped manganese oxide thin film shows
cracks and holes which can be attributed to the formation of larger size particles through agglomeration at
higher temperatures in presence of higher concentrations of cobalt.?® The particle morphology changes
from spherical to rather elongated shape for 6 at.% cobalt doping. The average particle size increases to
70 nm. These results indicate that by increasing the annealing temperature, the crystallinity, and grain size
increase at the same time increase in cobalt doping also favours the formation of crystalline particles with
an increase in size due to the synergistic effect. The elemental composition of cobalt doped manganese
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oxide thin film is examined using the EDS spectrum shown in Fig.-3c. EDS spectrum shows the existence
of oxygen, cobalt, and manganese elements with the composition that corresponds to CoxMn;3.4Os.

UV-vis Spectroscopic Studies

A UV-vis spectrometer was used to characterize the optical properties of prepared thin films. There was a
maximum absorption of radiation in the wavelength region of 300-400nm that was recorded in the optical
absorption spectrum (figure not shown). Thick films that have been heated between 350 and 450 © C have
an absorbance peak of 350 nm, whereas those heated to 550 degrees Celsius have an absorbance peak
between 350 and 420 nanometers. The shift in absorption peak location is thought to be due to the
annealing and doping of thin films.?” The freshly prepared thin films' transmittance decreases as the
annealing temperature rises. o = 2.303 A/t, where A is optical uptake and t represents layer thickness, is
the absorption coefficient obtained from Lambert's law. Surface Emission Microscopy (SEM) is used to
measure the film's thickness (200 nm). Figure-4 (A)depicts Tauc's plot of (ahv)2 vs h, which is used to
determine the direct band gaps for the thin films.

(ahvy’ (eV cm)

Resistance (©2) (a.u.)

12 16 20 24 28 0 50 100 150 200 250
hv V) Time (Sec)

Fig.-4: (A) plots of (ahv)*(eV cm™)? Vs hv(B) Time dependence of sensing response for 4 at.% cobalt doped
manganese oxide thin film annealed at (a) 350 °C, (b) 450 °C (c) 550 °C, (d) 2 at.% cobalt annealed at 550 °C and e)
6 at.% cobalt annealed at 550 °C

Extending the linear section of the plot of (chv)? versus h to cross with the X axis at o= 0 yields the band
gap values. The band gap energy of 4 at.% cobalt doped manganese oxide thin layers annealed at 350,
450, and 550°C are 2.5, 2.45, and 2.2 eV respectively. Similarly, the band gap energy for the variation of
cobalt doping 2 at% and 6 at.% with annealing at 550°C are 1.65 and 1.9 eV respectively. It is evident
from the results that the band gap energy decreases with increasing the annealing temperature and cobalt
doping.®The higher annealing temperature of thin films favors the formation of crystalline particles
whereas the increasing doping induces defects in the crystal which narrow down the band gap.

Sensing Characteristics

The sensing characteristics of the prepared thin films at 250 °C for 100 ppm of ethanol vapor in dry air
were investigated. The results obtained are depicted in Fig.-4B. It is obvious that the thin film shows a
response to ethanol vapor with appreciable sensitivity.?>* These thin films exhibit rapid response and
reach a steady state within 30 seconds of exposure to ethanol vapor. From the shape of the response
curve, it is evident that the 4 at% cobalt doped manganese oxide annealed at 550°C for 2 hrs shows a
rapid response among the prepared electrodes for this study and reached a steady state quickly. The
resistance of all of the thin film electrodes in the test gradually increases after reaching a steady state, and
this may be attributed to the active centers being saturated with the target gas and its products. When
subjected to dry air, the resistance of the sensing cobalt doped manganese oxide thin films rises until it
approaches its value 0. In general, the response of thin films annealed between 350 and 450°C is lower.
As a consequence, the 4 percent cobalt doped manganese oxide thin film annealed at 550°C shows a
superior response than the 2 and 6 percent cobalt doped manganese oxide thin films. The sensing
response increases with increasing the cobalt content and reaches a maximum at 4 at% of cobalt content,
beyond that a decrease in response for 6 at.% of cobalt content was observed. These facts can be
attributed to the availability of free electrons as well as the morphology of the particles of the thin films.
The 4 at.% cobalt doped manganese oxide thin film produced by jet nebulizer spray pyrolysis followed by
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annealing at 550°C for 2 hours has the greatest sensitivity to ethanol.>'3* However, further optimization
studies have to be performed to ascertain its potential as a promising candidate material for sensor
applications. The sensing process is described by oxygen decomposition and adsorption on the thin film's
surface.®>%

02(9) = 02045

Oz(ads) te = Oz_(ads)

02—(ads) + e~ = 20445

0(_‘145) te = O(Za_ds)

The oxygen is chemisorbed on the active sites of the thin films and at the elevated temperature it becomes
Oy, 07, and O*. Though the target vapor, ethanol has a chance to react with any of these forms of oxygen,
thermodynamically, it is oxidized as described in equation (3) and releases electrons into the conduction

band.
C,H:OH + 60fa_ds) - 2C02(g) + 3H,0 + 12e~ 3)

CONCLUSION
Manganese oxide thin films generated utilizing the jet nebulizer spray-pyrolysis technique was studied for
the effects of temperature and cobalt doping on their properties. The crystallite and particle sizes are
dependent on the annealing temperature as well as the dopant cobalt concentration, as seen by Xrd and
SEM images. The SEM images show that the jet nebulized spray pyrolysis technique generated densely
packed uniform size particles. When the thin film is heated at 550 degrees Celsius, the crystalline quality
of the particles improves invariably, but doped cobalt causes the particles to aggregate into larger nano
sizes.A narrow band gap with an increase in cobalt content is observed in these films. The ethanol
sensitivity of the 4 at. % cobalt doped manganese oxide thin film produced by jet nebulizer spray
pyrolysis followed by annealing at 550°C for 2 hours is greater.
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