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Abstract

In the present investigation, pure MnO, and Cu doped MnO, (Cu:MnO,) thin films were successfully prepared by the spray
pyrolysis deposition technique. Different Cu concentrations were used to analyze the morphological, structural, optical,
electrical properties and as well glucose sensitivity measurement has been performed. MnO, doped with Cu induces
microstructure and is set in the lattice by keeping Mn*? leading to the micro spherical shape of the samples highlighted
from a scanning electron microscope. X-ray diffraction analysis has confirmed the tetragonal MnO, crystal structure with
a-phase. The crystallite size, crystal structure, texture, and nanoparticle formation in MnO, films have been influenced
by Cu dopant. The maximum optical transmittance is found to be about 83%. The energy band gap associated with the
allowed direct transition is found to increase from 3.82 to 3.96 eV with increasing Cu doping concentration up to 4 at%.
Glucose sensitivity was measured by the four-probe technique. Notably, 4 at% Cu:MnO, films have demonstrated the

superior sensing ability of glucose of 29%.
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1 Introduction

Nanostructured manganese dioxide (MnQ,) is a promising
transition metal oxide for its admirable chemical stability,
transparency, low toxicity, low cost, functional biocompat-
ibility, excellent adsorption capacity, catalytic properties,
and widespread availability. Thin films of MnO, are widely
used in bio-sensors [1, 2] gas sensors [3], catalysis, electro-
magnetic wave-absorbing layers, and high-performance
electrochemical electrodes and energy storage [4-6]. The
presence of the dopants plays a crucial role in improving
the chemical and physical properties of MnO, thin films.
A good number of research work have been done on the
synthesis and characterization of Al, Ag, Co, and Cr, etc.
doped MnO, thin films [7-10]. Supplementary to these
metals, Cu has a great deal of diligence dopant because of
its low cost, good electrical conductivity, non-toxicity and

environmentally friendly nature [11]. Different methods
have been engaged to fabricate MnO, thin films viz hydro-
thermal technique [12], Sol-gel technique [13], electro-
chemical deposition method [14], reduction process [15],
and spray pyrolysis technique [16, 17]. Very few reports are
available on Cu doped MnO, with a well discussion on gas
sensing and biosensing application.

Now a days, the determination of glucose is important
in clinical applications as well as in the area of food, medi-
cal, pharmaceutical, and environmental analyses. Thin-film
biosensors have been mainly based on potentiometric or
amperometric detection modes. It has been shown that
potentiometric sensors can measure glucose concentra-
tions of 10 uM or higher [18] Although they exhibit high
sensitivities but they have shortcomings, such as limited
operating conditions, short lifetimes, instability, high cost,
and frequent maintenance requirements. Recently, an
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advanced method for glucose equipped with MnO, has
been studied, known as a conductometric mode. Against
the mechanical point of view, it is crucially important
that conductometric biosensors are suitable for great
performance using inexpensive thin-film technology.
MnO,-based glucose sensors have shown immense sen-
sitivity and unelevated detection limits [19]. Due to high
sensitivity and large surface area, MnO, nanoparticles are
suitable for higher glucose sensing detection. It is manifest
that nanostructure is advantageous for sensing because
of adequate ion and electron transport pathways. Cop-
per (Cu) ions have long recognized for human health.
However, there are few works have been reported on
nanostructured Cu:MnO, thin films. Hence to explore and
develop the performance of Cu:MnO, through effective
routes for achieving high performance of glucose sens-
ing abilities, further study is essential. Based on the above
considerations, we have developed an electrical method
for directly use of nanostructured Cu:MO, films as the elec-
trode for glucose sensing containing a little amount, quiet
operation, fast sensing current, etc. This technique has to
turn out for an effective technique for the fast and precise
determination of glucose sensitivity. The motivation of this
work is to prepare spray pyrolyzed nanostructured pure
and Cu doped a-MnO, thin film and to see the effect of Cu
concentrations on the optical morphological, structural,
and electrical properties of a-MnO, thin films favorable for
optoelectronics and biosensing applications.

2 Experimental

To fabricate the Cu doped MnO, thin films, manganese
(Il) acetate tetra-hydrate (Mn (CH;CO0),-4H,0), molecu-
lar weight 245.085 gm/mol, purity 99%, Merck, Germany,
and copper (Il) acetate monohydrate (Cu(CH;CO0),-H,0),
molecular weight 199.649 gm/mol, purity 99%, Merck,
Germany, were used as precursor materials. The spray
solutions were prepared by dissolving Mn(CH,COO),-4H,0
and Cu(CH;CO0),-H,0 in 100 mL of double-distilled water
(DDW). Cu doped MnO, thin films were prepared with 2,
4, and 6 at% Cu concentrations. Few drops of ethanol
(C,HsOH) and hydrochloric acid (HCI) were added to keep
the pH value at 6. The precursor solution was then stirred
with a magnetic stirrer at room temperature for about 1 h
to form a homogeneous solution. The solution was then fil-
tered and sprayed through a fine bore onto the pre-heated
microscopic glass substrates for 20 min deposition time.
The temperature of the substrate was kept constant at
350 °C and monitored with a high-temperature infrared
pyrometer during film deposition. The distance between
the spray nozzle and the substrate was kept at 25 cm.
The pressure of the carrier gas as the air was kept fixed
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at 0.5 bar and spray rate was maintained at 0.5 mL min™"

throughout the deposition of the film. b-glucose (CgH,,04)
and sodium hydro oxide (NaOH) were used as precursors
for sensitivity measurements.

Surface morphology, compositional analysis, structural,
optical and electrical properties of the synthesized films
were analyzed using the Field Emission Scanning Elec-
tron Microscope (FESEM), Model: JSM-7600F, operated
at 20 kV), Energy dispersive X-Ray analysis (EDAX) spec-
tra, X-ray diffractometer (10°-90° with a CuKa radiation
source of 1.54056 A), UV-Vis spectrophotometer (UV-2600,
Pc: UV-Vis-NIR; Shimadzu) and four-probe technique,
respectively.

The electrical measurements were carried out by the
four-probe method. The current was supplied through
the outer two probes and the voltage drop was measured
between the inner two probes. The Hall Effect measure-
ments were performed at room temperature by a Hall
effect measuring apparatus (ECOPIA HMS-5000, USA)
under magnetic field 0.54 T and current 10 mA.

Glucose sensitivity was also measured by the four-
probe method. For Glucose sensing measurements, two
electrodes were used: one as reference (Zn-plate, positive
electrode) and the other as counter (Cu-plate, negative
electrode). Here the deposited thin film acted as the sens-
ing element, which was placed under four probe systems.
In our experiment we measured the current through the
as-deposited thin films with and without glucose solu-
tions to check the response of the film. NaOH was used
to release the hydroxyl ions (OH™) and to accelerate ionic
exchange mechanism. The reaction mechanism has been
explained in details in the experimental section.

3 Results and discussion
3.1 Surface morphology

The surface morphology of pure and 2 at%, 4 at%, and
6 at% Cu-doped MnO, thin films are studied by taking FE-
SEM images under x 100,000 magnification. 100 nm scale
bar length revealed in Fig. 1a-d.

Figure 1a reveals a granular surface of porous structures
and orderless distribution of grains with round shapes. Cu
doped MnO, films display a different morphology com-
pared with MnO,. The incorporation of Cu ions (either +2
or +1) into the lattice of MnO, films greatly affects the
morphological feature and porous nature. For 2 at% Cu
doped MnO, film, the grains seem to be agglomerated
and the surface is covered with dense and homogeneously
distributed grains supplementary in Fig. 1b. In Fig. 1c, d,
as the Cu concentration is increased to 4 and 6 at%, the
interior of the microspherical MnO, films is collapsed and
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Fig.1 FE-SEMimages of a pure
MnO,,b2c4andd6at% Cu
doped MnO, thin films

Table 1 EDAX report of pure MnO, and Cu doped MnO, thin films

Sample name at% of elements

Cu Mn (0]
Pure MnO, 0.00 31.04 68.96
2 at% Cu doped MnO, 9.92 32.14 57.94
4 at% Cu doped MnO, 11.05 29.78 59.17
6 at% Cu doped MnO, 13.14 28.50 58.36

the grains are broken. The reason is that the presence of
Cu* may have a tremendous effect on MnO, nanospheres,
pointing to the formation of spherical structure.

Hence Cu behaves as an interstitial dopant with high
solubility in MnO,. When Cu solubility limit is reached,
nucleation occurs into the surface of MnO, nanocrystals
and yields phase shifts followed by the reduction of Cu*"
to Cu*®. Cu impurities exhibited a high solubility limit in
MnO, up to 4 at% nearly saturating the nanocrystals. Addi-
tionally, the solubility limit is considerable affection for the
possible side effects in nanocrystals. The size of MnO, is
decreased for the increase of the Cu/Mn ratio. A low Cu/Mn
ratio indicates that few Cu impurities are present in each
MnO, nanocrystal [20].

EDAX analysis confirmed the elements of the composi-
tions of pure MnO, and Cu doped MnO, thin films. The
EDAX reports are displayed in Table 1. EDAX data have

been collected at various points on the scan area. EDAX
data support the uniformity of the synthetic distribution
of the prepared thin films. Amount of Mn reduces with
the increment of Cu concentration in Cu doped MnO, thin
films. The EDAX data supported the logical substitution of
Mn caused by Cu doping (Fig. 2).

3.2 Structural characterization

Figure 3a—d depicts the X-ray diffraction patterns of pure
MnO, and 2, 4 and 6 at% Cu doped MnO, thin films. The
incorporation of Cu into the MnO, lattice shows a vital
aspect in the structure of the films. The diffraction peaks of
pure and Cu doped MnO, corresponds to a-phase having
tetragonal crystal structure up to 4 at% Cu doping. Some
additional peaks are observed for the 6 at% Cu doped
MnO, thin film, which may due to the partial reduction of
Mn**and Cu*? from surface sites given forming Mn*3 and
Cu®. All the patterns are polycrystalline with preferential
orientation along (400), (211) and (301) plane at 26=32.5°,
35.9° and 43.5°, respectively which were matched with
JCPDS data, card no. 44-0141. The additional peaks are
due to the 6-MnO, phase along (001), and (111) plane at
26°=12.4°, 40° (JCPDS no. 44-0142). The crystalline size
was measured by Debye-Scherrer formula [21, 22] as
follows:
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Fig.2 EDAX of a pure MnO,, b 2, ¢4, and d 6 at% Cu doped MnO, thin films
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where D is indicated average crystalline size in (A), shape
factor value is taken as 0.9, A is the wavelength of X-ray
radiation spectra, fis the full width half maximum (FWHM)
after making appropriate base correction and 8 is the most
dominate diffraction angle at the position of the peak
maximum. Strain (g) is due to the fractional shift in length
and the displacement of crystal momentum lines per unit
volume, and dislocation density (5) were calculated from
the following equation [21, 22].

0
e:ﬂc% @
1

5=§ (3)

The effect of Cu doping on particle size, dislocation
density and strain of MnO, films on the most preferential
(211) plane are shown in Table 2. Crystallite size reduces
from 25 to 12 nm with the increase of Cu concentration
from 2 to 6 at% in MnO, thin films. Dislocation density and
strain increase by rising of Cu concentration in MnO, films.
It may be because of the re-crystallization and increase of
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Table 2 Effect of Cu concentration on structural parameters of
MnO, thin films

Sample name Crystallite  Micro strain  Dislocation density
size (nm) (x107% (lines/nm?) x 1073

Pure MnO, 25 1.4 1.65

2 at% Cu:Mn0O, 18 1.8 2.94

4 at% Cu:MnO, 15 23 4.54

6 at% Cu:MnO, 12 29 6.81

defect states in the lattice MnO, caused by the increase of
Cu doping. Crystallite size is an important parameter of a
material to be useful in gas and biosensing applications.
Smaller crystallite size shows better gas sensitivity [20]. It is
mentioned that the doping of Cu into MnO, may improve
the gas and biosensing properties of MnO.,.

3.3 Optical properties

In view of analysis the effect of Cu concentrations onto
MnO, over the optical properties, the transmission, reflec-
tance spectra and bandgap have been studied. Figure 4a
shows the optical transmittance spectra of pure MnO, and
2,4 and 6 at% Cu doped MnO, thin films varying with a
spectral range from 200 to 1100 nm. It is observed that
the transmittance of the prepared films increases gradu-
ally with increasing Cu content in the visible-near-infrared
region (400-800 nm) and the maximum transmittance
is observed about 83% in 4 at% Cu doped MnO, thin
film. The increase of transmittance with increasing Cu
concentration may refer to the effects of excess charge
carrier for the shake of Cu doping that is attributed to
the improvement in a stoichiometry of the films. Trans-
mittance decreases at 6 at% Cu doping in the IR region
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(800-1100 nm) which may be due to the transformation
of the crystalline phase of MnO, as revealed by the XRD
pattern shown in Fig. 3d.

It can be noticed that the low percentage of transmit-
tance is found about 4-22% in the wavelength range
200-300 nm which may for absorption of light of the
excitation electrons from valence band (VB) to conduc-
tion band (CB). It is also observed that thin films exhib-
ited a blue shift into the absorption onset at 400 nm. This
absorption is associated with 072 — Mn** charge transfer,
related to electron agitation from the valence band to the
conduction band. The blueshift in the absorption spec-
trum is mainly attributed to the confinement of charge
carriers in the porous surface of the MnO, film.

The thickness of the film is measured by the multiple-
beam Fizeau fringe method. In this method two reflecting
surfaces are brought into close proximity to produce inter-
ference fringes. The fringe spacing and fringe displace-
ment across the steps are measured and used to calculate
the film thickness. The displacement ‘b’ of the fringe sys-
tem across the film-substrate step was measured to calcu-
late the film thickness (t), using the relation

_ stepheight }
" fringe — spacing 2

(4)

where A is the wavelength of the monochromatic light
(sodium light, A=589.592 nm).

The calculated thickness increases as 285, 298, 303 and
317 nm with increasing Cu concentration as 0, 2, 4 and
6 at%.

Figure 4b shows the Tauc relation, (ahv)“ vs. photon
energy (hv) for determination of optical band gap (E)
related to the allowed direct transition of pure and 2, 4
and 6 at% Cu:MnO, thin films. The Eg of the films varies
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Fig.4 a Wavelength versus optical transmittance spectra and b photon energy versus (ahv)? of pure MnO, and 2, 4 and 6 at% Cu doped

MnO, thin films
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between 3.82 to 3.96 eV employing a gradual increment
of Cu from 0 to 4 at%, which indicated that incorporation
of a little amount of Cu affects the optical band transition
and this may for the blue shift. A decrease in Ej with the
increase of 6 at% Cu concentration is observed which is
associated with the change in crystal structure from ato &
phase of MnO,. Similar variations of the E; value of MnO,
have been reported by some other workers [20, 23]. The
reduction of Eg in higher Cu concentration may due to
redshift which interpreted in terms of the sp-d exchange
interaction among the band electrons and localized d elec-
trons of the Mn** ions and Cu +ions give rise to a negative
and a positive correction to conduction and valence band
edges is obtained by s-p and p-d exchange interactions
governing to the increase of Eg. [24]. The thickness of the
films affect the optical properties of the films. The opti-
cal parameters such as optical band gap, refractive index,
extinction coefficient etc. are the key factor to determine
the quality of the films. In the present work extinction
coefficient (k) and refractive index (n) were calculated
using the following relation:

* \/[{ R iRR)Z } B kz] ®

where « is absorption coefficient and R is reflectance.
Table 3 shows the optical parameters of MnO, thin films
variation with film thickness due to the effect of Cu
concentrations.

Table 3 show that Optical band gap, refractive index
and extinction coefficient values increase with increasing
film thickness up to 4 at% Cu doping and then started to
increase. These obtained values satisfy with other works
[7, 10, 11]. Figure 5 displays the relation between band-
gap and reflectance spectroscopy which indicates the
effect of Cu dopant on the band structure in terms of
Kubelka—Munk (K-M) function. The K-M function is based
on the equation, F(R) = %; where R is the reflectance;
F(R) is propotional to the absorption coefficient. The
obtained curves reveal parabolic band edges that depend
on the photon energy and obey Urbachs rule that has
been discussed in our previous work [25].

kzgandnz a+R
4 (1-R)

Table 3 Effect of film thickness on optical properties of Cu:MnO,
thin films

Cu concen- Film thick-  Optical Refractive Extinction
tration (at%) ness(nm)  bandgap index coefficient
(eV)

0 285 3.82 2.8 1.3

2 298 3.89 25 0.9

4 303 3.99 23 0.6

6 317 3.96 24 0.8

SN Applied Sciences

A SPRINGER NATURE journal

—&— Pure MnOz

—o—2at% Cu:Mn02

—A—4 at % Cu:Mn02
S & ¥— 6 at % Cu:MnO
<
=
2
b5
=
£
=
N2

" 1 " 1 " 1 " 1 "
1 2 3 4 5 6

Photon Energy, hv (eV)

Fig. 5 A plot of bandgap versus K-M function

The lower edge shown in the figure is due to transitions
between extended and localized states whose shape and
magnitude trust in the purity and preparation conditions.
The dopant level emerged between the valence band and
the conduction band when Cu ions are assimilated into the
MnO, lattice that results in shifting the absorbance edge
to the visible region. These results let out that the small
amount of Cu might be incorporated into the MnO, lattice.

3.4 Electrical properties

The variation of electrical resistivity with temperature
ranging from 27 to 150 °C for pure and 2, 4 and 6 at% Cu
doped MnO, thin films are shown in Fig. 6a. It is noticed
that resistivity contracts with the rise of temperature. This
type of variation indicates the semiconducting behavior
of the films. The resistivity devaluates with expanding of
Cu concentrations. Oxygen adaption and desertion may
occur into a polycrystalline oxide semiconductor at all
temperatures when the heat is treated in air. The oxygen
decomposition process into the deposited films crops up
the decrease in electrical resistivity. Figure 6b shows that
Hall mobility and carrier concentration increases with the
rise of Cu concentrations in Cu doped MnO, thin films.
The increase of carrier concentration with some contribu-
tion from the increase of mobility leads to relatively low
resistivity. The Hall coefficient, carrier concentration and
mobility change with film thickness and composition of
the films. The Hall mobility increases with Cu doping con-
centration as well as thickness due to the lower effective
mean free path of conduction carriers that occurred by
scattering from the surface of the film. The increase of
Hall mobility indicates that shallow acceptor levels exist
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in Cu:MnO, films due to stoichiometric defects. Also the
increase of carrier concentration with increase of Cu dop-
ing and thickness for all compositions are attributed to
lower defect density and less grain boundary scattering
The increase of carrier concentration with increase of Cu
concentration is probably due to creation of more accep-
tor levels with addition of Cu.

3.5 Glucose sensitivity measurement

The sensing ability of the prepared thin films concern-
ing glucose (C4H,,0,) was evaluated by the four-probe
method. In this method, two electrodes were used: one as
reference (Zn-plate, positive electrode) and the other one
as counter (Cu-plate, negative electrode). Here the depos-
ited thin film acted as the sensing element, which was
placed under four probe systems.The key factor in enhanc-
ing sensing ability is a fast electron transfer between the
MnO, layer and the substrate to improve electron collec-
tion. In our experiment we measured the current through
the as-deposited thin films with and without glucose
solutions to check the response of the film. In the present
work, 0.5 M CgH,,04 solution with 0.2 M NaOH and a con-
stant supply voltage of +65 V were used for the sensitiv-
ity measurement. NaOH was used to release the hydroxyl
ions (OH-) and to accelerate ionic exchange mechanism.
Glucose sensing depends on the air oxidation of glucose
molecules on the surface of the film layer and decompo-
sition into glucono lactone (C¢H,,0¢) and hydrogen per-
oxide. Oxidation of glucose molecules on the surface of
the film results in hydrogen peroxide molecules that pass
through the porous thin film and adsorb on the surface of
the counter electrode layer. Due to the oxidation-reduc-
tion of hydrogen peroxide molecules, the surface area
increases the speed of the reaction and the output cur-
rent increased. The addition of NaOH is also responsible

for increasing the current to reach a stable state as glucose
and OH™ molecules are adsorbed in the film surface. The
possible chemical reactions are given as:

C¢H1,04 + H,O0 + O, —» CcH,,O¢ + H,0,
H,0, = O, + 2H" + 2e~

NaOH — Na®™ + OH~

C4H1,04 + H,0 + NaOH — CH,oO¢ + O, + H* + 2e~

The electrons produced in those reactions are trans-
ferred through the film layer. The porous structure of the
film gives the ability for the NaOH molecules to adsorb on
the surface of the counter electrode layer. The prepared
thin films were examined for sensing the various concen-
trations of the glucose solution.

Figure 7 shows the resulted sensing current at 0.05, 0.1,
0.3,0.5 and 1 mol/L glucose concentrations of pure MnO,

0.7 —— 0.05 mol
2\ L —&— (.1 mol
=2 06} —4&— (.3 mol
§ - 0.5 mol
= 05F —— 1.0 mol
= L
(5]
9 04
= L
S
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S S
[*]
w
(=]
[}
=
O

30
Applied voltage (Volt)

40 50

Fig.7 Sensing current at (0.05, 0.1, 0.3, 0.5 and 1) mol/L glucose
concentrations
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thin films respectively. The obtained curves shown in
Fig. 7 demonstrate the redox (oxidation-reduction) peak
indicating the redox reaction of ion and electron exchange
with the conductive solution. The increase of current with
increasing glucose concentration may due to increase of
oxidation by enhancing anode and cathode current. This
increase of oxidation of glucose products glucono lac-
tone. It was observed that the sensing current increased
with the glucose concentration up to 0.5 mol/L and then
started to decrease. The reason for the decrease in sensing
current is that at high concentration, most of the active
sites on the film surface area covered by glucose mole-
cules and so the current response is reduced. The current
increased steeply with increasing time to reach a stable
state. We conceive that, since the adherence of the MnO,
layer into the substrate was very strong, Cu-O-Mn bonds
likely formed at the interface between the substrate and
the MnO,, which probably facilitated electron transfer
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across the interface, to cause a high current response. The
sensor (Cu:MnO, film) has fast rise time which means that
the oxygen ions at the film surface may immediately inter-
act and bond with the glucose (C4H;,0,) molecules, this
fast interaction provides a large number of charge carriers
which caused the sharp rise of the sensing current.

Figure 8a-d shows the response time of pure MnO,
and 2,4 and 6 at% Cu doped MnO, thin films electrode as
1.13 sand 1.06, 0.99 and 1.02 s respectively which may be
due to the incorporation of Cu into MnO,, the Cu:MnO,
may own more active sites for the detecting of glucose,
displaying a shorter time for the detecting of glucose.
Glucose response (S) of the sensor is defined as the ratio
of change in the current of the sensor on the exposure of
target to the sensing current in ambient air (at the same
operating conditions).

The following relation was used to calculate the glucose
response of the prepared film:
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Fig. 8 a-d Response time of pure MnO, and 2, 4 and 6 at% Cu doped MnO,
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S =X x100
Ig

where [, is the current underexposure and /g is the cur-
rent under ambient glucose. Figure 9a shows the glucose
response of pure and 2, 4 and 6 at% Cu doped MnO, thin
films variation with time. The response was dramatically
increased with the increase of time and Cu concentration
especially for 4 at% Cu higher than others shown in Fig. 9b.

3D views are shown in Fig. 10a-d has an ascending
trend insensitivity of MnO, nanoparticles. In the 3D views,
the blue color represents the direct recombination of con-
ducting electrons, green color represents the recombina-
tion of surficial electron leading to visible emission. Red
color represents the glucose sensitivity of pure MnO, and
2,4, 6 at% Cu:MnO, thin films at 5 min existing 25-30%
of all the films. In the red and violet region, the oxida-
tion-reduction reaction occurred. Such images may due
to the oxidation of glucose on the MnO,. The oxidation
is generated by deprotonating of glucose followed by
adsorption onto the MnO, surface and oxidation by Mn*?
and Mn**. The Mn™ ions are proposed to act as an elec-
tron-transfer medium [26]. First Mn*2 would be oxidized
to Mn™. Then the oxidative Mn™ could catalyze glucose
oxidation to generate gluconolactone, and then gluconol-
actone is further oxidized to glucose acid shown as below

MnO, + OH — MnOOCH + 2e~
MnOOH + 2e™ + qucose(CGHuOﬁ) < MnO, + OH + gluconicacid

In the oxidation process Cu™' and Mn*? present in the
Cu:MnO, electrode is converted into Cu*? and Mn** by
oxidation reaction, and these oxidation products are glu-
cose, which can be rapidly oxidized to glucose lactone as
bellow:

30
Il Fure MnO, (a)

25| [ 2% Cu: Mno,

S I 4% Cu: MnO,
§zo- I 6% Cu: Mno,
o
o
o 15}
[<}}
w
S
ERU,
(O
5k

Time (min)

Cu™ + C4H,,04 — Cu™" + C4H, O,
Mn™* + CgH,,06 — Mn*2 + C4H, O

The high sensitivity of 4 at% Cu:MnO, indicates the
superior catalytic activity than pure MnO,. Such high
sensitivity may due to low crystallite size and high opti-
cal band gap shown in Fig. 10b. Figure 10c also shows
that higher glucose sensitivity may due to higher carrier
concentration. The sensitivity of the thin films prepared in
this study is higher than those in previous reports of spin-
coated or electrodeposited MnO, films [27, 28]. Figure 11a,
b also indicates the correlation of sensitivity among aver-
age crystallite size, optical band gap and carrier concen-
tration of pure MnO, and 2, 4 and 6 at% Cu:MnO, at 5 min
and constant 0.5 mol/L glucose concentration. It is found
that both of the sensitivities change exponentially which
satisfies the results reported by Hartono et al. [29] and
Kondo et al. [19].

4 Conclusions

In this paper, the surface morphology, structural, optical
and electrical properties of Cu-doped MnO, thin films syn-
thesized by the spray pyrolysis technique with different Cu
concentrations are investigated. The surface homogeneity
of the deposited films increases with Cu content due to
the effect of friction among the charge carriers. XRD pat-
terns indicated that the Cu ions replaced Mn ions without
changing the tetragonal structure up to 4 at% Cu doping
and the change in the structural phase of the film occurs at
6 at% Cu concentration. Crystallite size decreases from 25
to 12 nm with an increase of Cu concentration between 0

30

(b)

Glucose response(%)
N N N N
(7] ~ (o] ©
v L v L L L v
> =l

N
(3]
T

i i [ i [ i [ i [ i
0 1 2 3 4 5 6
Cu concentration ( at%)

N
S

Fig.9 Glucose sensitivity of pure MnO, and 2, 4, 6 at% Fe: MnO, thin films variation with time from 0 to 5 min
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Fig. 10 a-d Glucose sensitivity of pure MnO, and 2, 4, 6 at% Cu:MnO, thin films at 5 min
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Fig. 11 a, b Correlation of sensitivity among average crystallite size, optical band gap and carrier concentration
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to 6 at%. Cu-doped MnO, thin films are highly transparent
in the visible-near-infrared region and the transmittance
increases with increasing Cu concentration up to 4 at%
reaching a maximum of 83%. The direct bandgap energy
of the films rises between 3.82 to 3.96 eV with Cu concen-
tration up to 4 at%. The electrical resistivity decreases with
increasing Cu concentrations. Hall mobility and carrier
concentration also increase with increasing Cu contents.
Small crystallite size, the regularity of surface morphol-
ogy, high transmittance, tunable bandgap, less resistivity,
high carrier concentration and high mobility of Cu-doped
MnO, thin films suggest the suitability of the material in
optoelectronic devices and bio and gas sensing applica-
tions. Good sensitivity and response for 4 at% Cu:MnO,
have been obtained. Spray deposited MnO, and Cu:MnO,
thin films give the high specific surface area of the film
layer as well as its firm adhesion to the substrate, which
in turn contributed to the superior sensing abilities of the
prepared films.
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