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Abstract - In this report, we have primarily studied the
influence of manganese incorporation on structural, optical
and ethanol sensing properties of copper oxide (CUQ) thin

films synthesized by successive ion layer adsorption and
reaction (SILAR) technique. The materials have been
characterized using X-ray diffraction and optical properties
were measured by UV-VIS spectrophotometric. Reduction in
grain size in doped films up to a certain extent of doping
(tentatively 5%) were confirmed from XRD analysis, beyond
which there is a reverse tendency. Increase in band gap in
doped films were observed up to 5% doping level which
could be associated with enhanced carrier density in doped
films. Maximum sensitivity of 87% in the presence of 1500
ppm ethanol at the operating temperature 180°C was
obtained for 5% doped film.

Keywords: CuO thin film; SILAR; Optical band gap;
Ethanol sensitivity.

1. INTRODUCTION

Nanostructured cupric oxide (CuO)is one of the

important transition metal oxide semiconductor materials
having unique optical and electrical properties. CUO has
demonstrated its potential in solar cell [1], gas sensor [2-
4], superconducting material [5-6], magnetic storage
devices [7] and photovoltaic devices [8]. The narrow band
gap ofCUO at ~1.2 eV makes it useful for
photoconductive and photothermal applications and as an
antibacterial agent [9]. Accordingly, besides its abundance
distribution, chemical stability and environmental
friendliness, CUO  nanostructures have attracted
considerable attention due to its interesting electrical and
optical properties [10]. Various researchers have reported
these properties for CUO and doped CUO thin films. The
p —type conductivity is believed to be due to generation

of cation vacancies in the CUO structure [11]. The p —

type oxides have a tendency to exchange lattice oxygen
with air and this is useful in maintaining stoichiometry of
the oxides. Another advantage of p —type oxides is that

the temperature dependence of conduction in high-
temperature range is considerably less than that of Nn—

type oxides. The physical and chemical properties of CuO
thin film can be affected by doping in terms of the resulting
optical, electrical, and structural properties. Influence of
various dopants such as zinc(Zn), lead (Pb), lithium

(Li)and iron (Fe) on structural, morphological and

optical properties of CUO has been reported by various
groups [12-15]. Zinc and Nickel doping has been reported
to influence the ferromagnetic properties of CUO, the
extent of which depends on the amount of dopant ions.
Ismail et al, [16] present structural properties of Mn-
doped CuO thin films prepared by chemical spray pyrolysis
technique. Rahman et al. [17] studies band gap tuning and
p to n-type transition in Mn-doped CuO nanostructured
thin films. Zhu et al. [18] describes in their work to
structural and magnetic properties of Mn-doped CuO thin
films, Mustafa et al presents preparation Doped CuO Thin
Film and Studies of Its Antibacterial Activity. There is not
any report the doping effect on ethanol sensitivity in CuO
thin film of manganese ion. Out of number of chemical
techniques, CBD is one through which films of thin layers
of uniform thickness can be coated on large area. The
technique is relatively simple and economic for mass
production processes. We have actually adopted
successive ion layer adsorption and reaction (SILAR)
technique in this work to synthesize Mn: CuO thin films
which is a modified version of CBD. Both SILAR and CBD
involve the same principle where film formation takes
place through ion-by-ion deposition of cations and anions
on nucleating sites on the immersed surfaces. While in
CBD, deposition of thin films occurs due to substrate
maintained in contact with dilute chemical baths
containing cationic and anionic solutions together, in
SILAR, deposition occurs by immersing the substrate in
separately placed cationic and anionic precursors. The
only common problem in CBD is precipitate formation and
wastage of material since the ions combine to form nuclei
in the solution also, apart from the substrate. This is
avoided in SILAR [8]. Also doping with metal ions at low
temperatures can be conveniently carried out using SILAR
technique.

© 2022,IRJET | ImpactFactor value: 7.529

ISO 9001:2008 Certified Journal | Page 2634



’,/ International Research Journal of Engineering and Technology (IRJET)  e-ISSN: 2395-0056

JET Volume: 09 Issue: 06 | June 2022

www.irjet.net

p-ISSN: 2395-0072

In view of this, the present work was taken up
primarily to study the influence on Mn doping on
structural, optical and ac electrical conductivity in SILAR
synthesized CUO thin film. Thus, in the present study, we

have successfully synthesized Cu, ,Mn, O (X =0.00,

0.01, 0.03, 0.05 and 0.07) thin films by SILAR method. The
effect of different doping concentrations of Mn on
structural, optical, ethanol sensing properties of CUO thin
film has been investigated and compared with those for
undoped CUO thin films.

2. EXPERIMENTAL

CuOrthin film was deposited on microscope glass slide
substrates cleaned prior to deposition. The substrate was
kept overnight in freshly prepared chromic acid solution
which was followed by rinsing in distilled water and finally
ultrasonic cleaning in equivolume mixture of acetone and
alcohol. It was alternately dipped in a cationic precursor of
copper thiosulphate complex and an anionic precursor of
1.0 M potassium hydroxide solution (KOH). The copper
thiosulphate complex was prepared by adding sodium
thiosulphate (Na2 S,0, ) in  copper  sulphate

(CUZSO4.5HZO) until a colorless solution results. The

cleaned substrate was first dipped in hot KOH solution
maintained at 70°C using a constant temperature bath and
then dipped in copper complex solution kept at room
temperature. The dipping time in each bath was 5 seconds
and 25 such dipping cycles were performed to get a
uniform thin film. One complete set of dipping involves
dipping of the substrate in cationic and anionic precursor

respectively. The reaction between Cu®" ion and OH~
ion takes place on the substrate surface leading to the
formation of Cu,O thin film [19] which on subsequent
heat treatment in air at 400°C leads to the formation of
CuO film. A thin blight brown adhesive film was formed
on the substrate. Manganese doping was carried out by

adding appropriate amount of manganese sulphate in
cationic precursor.

The phase identification and crystalline properties
of the samples were studied by X-ray diffraction (XRD)
method with the help of a Bruker (D8 advance) x-ray

diffractometer using Ni-filtered CUK_, radiation
(A=1.5418 A). The diffraction data were recorded in the
angular range 20°-80° and the experimental peak

positions were compared with standard Joint Committee
of Powder Diffraction System (JCPDS) files and Miller

indices were assigned to the peaks. The surface
morphology study was performed using FESEM. The
absorbance data was measured using double-beam
spectrophotometer (Shimadzu, UV-1800) at room
temperature. The band gap of the films was calculated
from the absorption edge of the spectrum. Gas-sensing
experiments were carried out by placing the sample in a
test chamber made of glass. Copper wires with conducting
silver paste were used for the electrode. Temperature
variation was recorded using a sensitive thermocouple
placed inside the closed glass test chamber. Change of
electrical resistance in the presence of the target gas was
measured using at Keithley 6514 DMM set-up. Requisite
amounts of the target gas were passed over the sample
using a regulated flow meter (flow rate of 1 L per min).

3. RESULT AND DISCUSSION
3.1 Structural analysis

Figure 1 shows the XRD patterns of CUO and Mn
doped CuO thin films. Prominent diffraction were peaks
observed at ~35.94° and ~39.16° corresponding to (-111)
and (111) diffraction planes which can be associated with
monoclinic copper oxide [JCPDS file no. 89-5899]. The
other minor peaks at ~32.53°, 49.320, 54.21°, 58.82¢,
62.21°, 66.67°, 68.48° and 75.51° also compares well with

monoclinicCUO. The corresponding diffraction planes
are (110), (20-2), (020), (202),(11-3),(31-1), (220)
and (22—2)respectively. The crystallite size was
calculated using Scherer’s formula [20]:

D—_Kt_
pcosé

where K is the Scherrer constant, ﬂ is the full
width at half maximum (FWHM) intensity of the diffraction
peak for which the particle size is to be calculated, € is the

diffraction angle of the concerned diffraction peak and A
is the wavelength of X-ray used. The average value of
crystallite size estimated was found to decrease from
~37.1 nm for CUO to ~25.4 nm for 5% Mn : CuO. The
value was however found to increase to ~26.6 nm for 5%
Mn:CuO. It is apparent from the figure that the
diffraction peaks get broadened with enhancement in
doping level up to 5%, above which there is a reduction in
width of the diffraction peak. Thus, the particle size
decreases up to a certain level of Mn incorporation, above
which there is a reverse tendency.
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Fig-1: X-ray powder diffraction patterns of of CuO and Mn
doped CuO thin film

In order to find a possible reason behind such
enhancement in particle size, the average microstrain (é‘)
in the films were determined using of the formula [20]:

g:,b’cose
4

Figure 2 shows the variation of average
microstrain and particle size of the samples with doping
and they are found to vary in an opposite manner to each
other. The strain was found to increase from

~3.72x107® for CuO to~ 6.82x107° for 5% doping
and then was found to trim down to ~ 6.15x1072 for 7%.

Mn : CuO Accordingly the reduction of particle size up
to 5% doping level might be due enhanced strain leading
to enhanced polycrystallinity in the samples.
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Fig -2: Variation of grain size and micro strain CUO and
Mn : CuO thin films

Incorporation of Ni was also confirmed from EDX
measurement. Figure 3(a) shows the EDX pattern of pure
CuO and 3(b) for 5% Mn doped CUQO film. EDX spectrum
confirmed the presence of Cu, O and Mn elements in the
deposited film. Some amount of SI was found to be
present which appears from the glass substrate used for
film deposition.
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(b)

Fig- 3: (a) and (b) shows EDX pattern of CUO and
Mn : CuO thin films

3.2. Optical study

Figure 4 (a) shows the plot of absorbance as a
function of wavelength for pure and doped CUQ thin films
in the wavelength range 400-1000 nm. Band gap energy
(Eg )was derived from the mathematical treatment of the

data obtained from the absorbance vs. wavelength for
direct band gap CUO|[21] using the following the
relationship:

(ahv) = Alhv-E,)

where V is the frequency and his the Planck’s constant.
A is a temperature independent constant for a direct
band gap semiconductor and temperature dependent
constant for an indirect band gap one. For direct band gap
semiconductor, this is given by [22]:

_4nco,
n E

o—u

A

where O is the electrical conductivity at absolute zero,

N, is the refractive index and Eu is the Urbach energy. The

2
energy intercept of the plots of (ahv) versus photon

energy v yields Eg for direct transition as shown in

figure 4(b). The value of band gap was found to increase
with increasing dopant concentration up to 6% doping
level. Beyond this level of doping, the band gap was found

to decrease. The observed values were ~1.61 eV for CUO
and it increased to ~1.95 eV for 5% Mn doping. The value
however decreased with further Mn incorporation and it
was ~ 1.86 eV for 7% Zn doping. The band gap values were
an average of three measurements in different areas of the
film. There was a dispersion of ~0.02 eV about the
observed value. The observed result is in contrast to that
reported for Mn incorporated CUO thin films where
doping has been reported to reduce the band gap. Rahman
et al. [17] on the other hand reported a decrease in band

gap in CUO nanoparticles due to Mn doping. Although no

such report on Mn doped CUO thin films is reported in
the literature to the best of our knowledge, such an
observation of band gap enhancement with increasing
doping level might be due to familiar Burstein-Moss effect
[23,24] where carrier density is increased due to dopant
incorporation in host semiconductor. Such an effect has

been observed for Ni doped CdO films [25] and In

doped CUQ [26]. This also indicates that manganese ions
substitute copper ions in the lattice structure up to a
certain level of doping. Decrease in band gap beyond a
certain level of doping might be due to excess manganese
ions going to interstitial sites (instead of substitutionally
replacing copper ions in the lattice sites).
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Fig -4: (a) Absorbance spectrum of CuO and doped CuO
thin films; (b) Plot of (ehv)? vs. 'V for CuO and

Mn : CuO thin films
3.3. Gas Sensing Characteristics

The gas sensing characteristics for fixed
concentration of 500 ppm ethanol gas in air was carried
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out for all samples. Fig. 5 the variation of percent
sensitivity (S%) as a function of temperature. The

performance of CuO thin film as a gas sensor is related to
the changes in electrical resistance induced by
adsorption/desorption of the target gas molecules on its
surface. As air is exposed on film surface, oxygen molecule
gets absorbed on the sensor surface leads to formation of
oxygen ion species such asO;,0%* and O ions by

trapping electron from conduction band and effectively
decrease resistance of the CuO film sensor (increase
conductivity). This reaction can be represented as

O, +e- —> O, (abs)
O, (abs) +e~ — O™ (abs)
O (abs) +e~ — O? (abs)

Now when ethanol (reducing gas) is exposed to the
sensing film surface, ethanol molecules interact with
chemisorbed oxygen species and releasing electrons that
recombine with holes as a result decrease electrical
conductance which in turn increase the sensor resistance.
This mechanism is known as the ionosorption model [27]
and the sensing s reaction is given by;

C,H

25

C2 H50H (ads) + 602~ (ads)” = 2CO2 (9)+3H 2O(g) +12e™

Percent sensitivity (S%) of the thin film sensor is defined
as

R, — R
S%:%Xloo

air

where Ry is the resistance of the sample in air and Rgas is
the resistance in presence of target gas. The maximum
sensitivity has been achieved at much lower operating
temperature of 180°C for 5% doped film thin films. The
grain size of the CuO sensor is in the order of few nm, so
sensing body consists of pores between the grains.
Transport of gas between the pores occur accordingly to
Knudsen diffusion equation [28]

D

- (2RV72‘|\/| )1/2

where r is the pore radius, M the molecular weight of the
gas, R the gas constant and T the temperature.

OH (ads) + 60 (ads) = 2CO2 (g) +3H 2O(g) +6e”

—ifi— pure Cul
704 1% MUl
—— 3% Mn:Cul
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Fig- 5: the variation of percent sensitivity (S%) asa

function of temperature for all set of deposited films of
CuO

When ethanol vapor gas exposed on surface thin
film chemisorbed oxygen ion species interact with ethanol
molecules and thereby releasing electron which recombine
with holes to decrease electrical conductivity. So, it is clear
gas sensing is directly proportional to grain size.
Moreover, increase in porosity due to cauliflower structure
increases the effective surface area as a results reaction of
target gas molecules with chemisorbed species increases.
As the 30-dipping cycle deposited CuO thin film shows
more crystalline with highest grain size and high porosity
comparable to others so it shows highest response for
ethanol sensing. Temperature dependence of the sensing
material i.e, maximum sensing response at operating
temperature (180°C) can be understood as follows: at
lower temperatures the absorbed ethanol molecule has
not get enough energy to overcome the activation energy
barrier to react with absorbed oxygen species and at high
temperatures gas absorption is too difficult as surface
reactivity increased adequately in that temperature. Thus
at some in-between temperature sensor performance is
reaches maximum value [29]

Fig. 6 shows the response and recovery
characteristics of 5% doped film at operating temperature
in presence of different concentration ethanol gas. Before
the target gas is exposed, the sensor material is permitted
to equilibrate in air at the operating temperature for a
certain period of time. As soon as target gas is exposed, the
resistance increases very sharply initially and then
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increases slowly to reach saturation value (Rgas) when

reaction between chemisorbed oxygen species and target
gas molecules is complete [30]. Fig 6 shows the gas sensing
performance increase with increase of concentration of
target gas and maximum sensitivity is observed at 1000
ppm, for further increase of gas concentration up-to
1000ppm sensitivity remains almost constant. The
enhancement in sensitivity with concentration can be
explained from the fact that higher concentration of target
gas implies higher number of reactants available for
surface reaction and further increase of concentration
saturates number of reactants become saturate which in
turn saturate sensitivity. The observed response time
(time taken for 90% of total resistance reduction after gas
is on) is ~ 50 sec and the recovery time (recovering the
initial resistance after gas is off) is ~85sec. The overall
sensing performance of the deposited film is good
comparable with previous reported literature [31].
Although no systematic results were generated for
ammonia and acetone, the material was found to be very
low sensitive to 1000 ppm ammonia (8%) and acetone
(5%) at maximum operating temperature.
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Fig- 6: shows the response and recovery characteristics of
5% Mn doped CuO thin film at operating temperature in
presence of different concentration ethanol gas.

4. CONCLUSIONS

In the presented work, we have primarily
reported the influence of Mn incorporation on ac electrical
conductivity, dielectric relaxation mechanism and
impedance spectroscopy characteristics of CuO thin films

synthesized by SILAR technique. Manganese could be
successfully doped in CuO thin film by this technique. The
structural, optical and electrical characteristics of the films
were found to be a sensitive function of doping level.
Decrease in grain size and enhancement in disorder was
found from XRD analysis up to 5% doping, beyond which
there is a reverse tendency. Similarly, the band gap in
doped films also shows inflexion at this particular level of
Mn incorporation. The band gap increase with up to this
particular level of doping and then decreases.
Incorporation of Mn was confirmed from EDX
measurements. 5% Mn doped CuO film shows excellent
gas sensing ability with 87% sensitivity for 1000 ppm
ethanol at much lower operating temperature of 180°C.
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