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Abstract. Thin films of ferric oxide (a-Fe2O3) doped with manganese were synthesized on fluorine-doped tin oxide
(FTO) glass substrates using the doctor blade method. Iron acetate powder was annealed at 600°C to obtain the crystalline
a-Fe2O3. Polyethylene glycol was used as the binder. Manganese mass concentration in a-Fe2O3 was changed from 3 to
10% in the doping process. All the thin film samples were subsequently annealed at 120°C for 2 h in air. Samples were
characterized using X-ray diffraction (XRD), UV–visible spectroscopy, Fourier transform infrared (FTIR) and X-ray
fluorescence (XRF). According to the XRD patterns, single phase of a-Fe2O3 was crystallized in all the samples. XRD
patterns confirmed that the hematite phase of the samples does not vary with doping concentration. FTIR spectra
confirmed the formation of the iron oxide bonds without any impurity phases. According to the UV–visible spectroscopy,
the lowest bandgap of 1.82 eV could be obtained for the samples with 6% of manganese. XRF analysis was employed to
confirm the doping concentration after synthesizing thin film samples. The gas sensitivity of pure a-Fe2O3 thin films was
measured in 1000 ppm of acetone vapour, CO2 gas, ethanol vapour and ammonia gas by means of a Keithley 6400
sourcemeter AUTOLB at the room temperature. For pure a-Fe2O3 thin films, higher gas sensitivities of 46 and 49.2%
were observed for CO2 gas and acetone vapour, respectively. The gas sensitivity of the doped a-Fe2O3 thin films was
measured only in 1000 ppm CO2 gas. The a-Fe2O3 thin film doped with 6% manganese exhibited remarkable sensing
performance of 70.1% at room temperature in CO2 gas.
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Introduction

Gas sensors have a great influence in many important areas,
such as environmental monitoring, domestic safety, air
conditioning in aeroplanes, spacecrafts, gas leak detection
in various domains. When a chemical gas sensor is exposed
to gases, its physical properties such as electrical conductivity, dielectric response and optoelectronic properties vary
with the time. Semiconducting metal oxide sensors are one
of the most widely studied groups of chemiresistive gas
sensors. In these sensors, gases react with the semiconductive metal oxides undergoing reduction and oxidation.
This process will cause the semiconductive metal oxide
sensors to exchange electrons with target gas at a certain
characteristic rate. It will affect the resistance of the sensor.
Many improvements have been made over the years to
design these sensors, including coating the Pt wire with
non-catalytically active metal and treating the finished
sensors with suitable catalyst, such as platinum, thorium
(Th) and palladium (Pd) compounds, in order to decrease
the temperature needed to achieve stable signal for

hydrocarbon gases from 1000 to 450–600°C [1]. Gas
sensing properties of a-Fe2O3 films grown by the doctor
blade method and the spin coating technique have been
compared in this study [2]. Iron oxide thin films have been
synthesized on fused quartz substrate using simple metal
organic deposition from Fe-(III) acetylacetonate as the
organic precursor [3]. Fe3O4 thin films have been sputtered
using a target consisting of a mixture of Fe3O4 and Fe2O3
onto Si and glass substrates [4]. Also thin films of hematite
have been fabricated using the pulsed laser depositions
(PLD) [5]. Fe2O3 thin film gas sensor sensitive to organic
vapours and hydrogen gas have been grown using the
cathodic sputtering [6]. Fe2O3 gas sensing films have been
deposited by the normal pressure chemical vapour deposition to detect acetone and alcohol [7]. CH4, H2 and NH3
have been detected using Fe2O3 thick films [8]. Hollow
balls of nano Fe2O3 have been employed to detect dimethyl
methylphosphonate at the room temperature [9]. Controlling the morphology of hematite nanocrystals allows to alter
its gas sensing properties [10]. Furthermore, p-type a-Fe2O3
polyhedral particles have been used as gas sensors [11]. In
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addition, the durability and the stability of a-Fe2O3 oxide
micro- and nanostructures have been investigated [12]. The
gas sensitivity of many materials has been investigated in
many different gases [13–20].
a-Fe2O3 is a next-generation gas sensor material capable
of detecting various gases and vapours at very low ppm.
The structural, optical and chemical properties of Mn added
a-Fe2O3 thin films prepared using the doctor blade method
are described in this article. After doping Cr, V, Ca and
activated carbon, it was found that the doping of Mn provides the highest gas sensitivity. The gas sensitivity of the
samples with different doping concentrations was measured
at the room temperature. Mn doping concentrations were
varied in order to obtain the maximum gas sensitivity at
CO2 gas. Nanoparticles of Mn and a-Fe2O3 were used to
synthesize all the thin films. The gas sensitivity of the
undoped a-Fe2O3 thin films was measured in 1000 ppm of
acetone vapour, CO2 gas, ethanol vapour and ammonia gas
at the room temperature.

2.

Experimental

Iron oxide was prepared by heating iron acetate. First, iron
acetate powder was heated at 600°C for 2 h in a furnace.
Then, 20 ml water was added to 0.15 g of polyethylene
glycol (PEG) and it was stirred for 15 min at 45°C. Then 3
ml of prepared PEG solution was added to the 1 g of iron
oxide, and the solution was stirred for 2 h at room temperature to make pure iron oxide–PEG solution. Pure iron
oxide thin films were prepared using this solution. Thereafter, iron oxide was doped using motor and pestle by
mixing with the mass ratios of 3–10% of pure manganese to
make iron oxide–manganese solution.
Pieces of 3.5 9 2 cm2 fluorine-doped tin oxide (FTO)
glasses were used to fabricate the sample. Before fabricating, an area of 1 9 2 cm2 of the middle part of the conducting surface of the FTO glass was scratched in order to
make that part non-conductive. Then the FTO glasses were
cleaned by sonicating in 10% (v/v) HCl in 30 min, and
heated at 70°C for 5 min in acetone, methanol and isopropanol, respectively. Then they were washed using distilled water. Finally, FTO glasses were dried using nitrogen
gas. Thereafter, prepared solutions were fabricated on the
conductive surface of the FTO glass using the doctor blade
method to get a uniform surface. Then, the samples were air
dried for 1 h and heated for 2 h at 120°C to remove excess
air on the sample.
Thin films synthesized on FTO glass substrates were used
for the gas sensitivity measurements. The gas sensor was
connected to 5 V power supply for 1 h to stabilize the
sensor. Then the sensing layer was connected to the goldcoated electrodes in the gas chamber. The experimental
setup was arranged by connecting the electrodes to a
Keithley 6400 sourcemeter AUTOLAB. The AUTOLAB
instrument was set to chronoampheometry measurement
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mode, and 5.0 V was applied. The current measurement
time was set to 4000 s. After the setup reached a stabilized
current level, the particular gas or vapour (1000 ppm) was
injected in to the gas chamber. Then the current increased
and stabilized at a maximum level. After the current was
stabilized at the maximum level, normal air was injected to
the gas chamber to remove the gas or vapour inside the
chamber until the current stabilized at initial value. The
same procedure was repeated for the doped and undoped
samples.
Thin films fabricated on normal glass substrates were
used for the X-ray diffraction (XRD) analysis, UV–visible
spectroscopy, Fourier transform infrared (FTIR) and X-ray
fluorescence (XRF) spectra. The structural properties of the
thin films were determined by means of an X-Ray diffractometer Rigaku Ultima IV with CuKa radiations. Optical
bandgap of the samples was measured using a Shimadzu
1800 UV–Visible spectrophotometer. Chemical bond types
of the samples were investigated by a Shimadzu IR Affinity-1S at the wavenumber range of 400–4500 cm–1.
Chemical compositions of the doped samples were determined by means of a XRF analyzer.

3.

Results and discussion

Figure 1 shows the XRD patterns of the undoped and Mndoped a-Fe2O3 thin films. The diffraction peaks were
indexed according to the characteristic peaks of hematite in
correspondence with 33-0664 in a powder diffraction file
(PDF) collected by the Joint Committee on Powder
Diffraction Standards (JCPDS). According to these
diffraction patterns, a single phase of hematite with rhombohedral structure has been crystallized in thin film form.
XRD peaks of Mn are not visible in the patterns due to the
following reasons; doped Mn atoms occupy the vacant sites

Figure 1.
films.

XRD patterns of pure and Mn-doped a-Fe2O3 thin
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Table 1. Crystallite size of Mn-doped and undoped a-Fe2O3
samples.
Mn
concentration
(%)

Angle 2h
(deg)

Angle h
(deg)

FWHM
(deg)

Crystallite size
(10–7 m)

35.039
35.029
35.021
34.96
35.048
35.037
35.066
35.046

17.52
17.51
17.51
17.48
17.52
17.52
17.53
17.52

0.246
0.311
0.253
0.360
0.282
0.366
0.252
0.270

1.37
1.38
1.12
1.11
1.17
0.92
1.27
1.23

Pure
3
4
5
6
7
8
10

Figure 2.

FTIR spectrum of 6% Mn-doped a-Fe2O3 films.

of a-Fe2O3 lattice, Mn is in amorphous phase in the sample,
or Mn atoms are in the grain boundaries.
Crystallite sizes of the Mn-doped and undoped a-Fe2O3
thin films are given in table 1. The crystallite size (D) was
calculated using
D¼

0:91k
;
b cos h

Figure 3.

XRF spectrum of pure a-Fe2O3 thin film.
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where k is the wavelength of Cu-Ka radiation (k = 1.54060
Å) and b the full-width at half-maximum (FWHM) of XRD
peak at angle h.
The data from figure 1 were used for the calculation of
the crystallite size.
Figure 2 shows the FTIR spectra of the 6% Mn-doped aFe2O3 thin films. The resulting spectrum represents the
molecular absorption and transmission, creating a molecular
fingerprint of the sample. The surface functional groups
were characterized by FTIR spectroscopy. The spectrum
indicates absorption at 3431, 1627, 1111, 554 and 465 cm–1.
The general range of 3600–3100 cm–1 may be assigned to
antisymmetric and symmetrical O–H bonding stretching
vibrational modes for water of hydration. The bonding in
the region of 1670–1600 cm–1 also relates to O–H bonding
bending vibrational modes. The bands at 465 and 554 cm–1
can be attributed to Fe–O stretching vibrational modes [21].
This spectrum implies that there are no other metal oxide
bonds formed due to the doping process. However, the
peaks are slightly shifted, and their amplitudes are different.
Figures 3 and 4 show the XRF spectra of the pure aFe2O3 thin film and the 6% Mn-doped a-Fe2O3 thin film,
respectively. While only the peak of Fe is found in the first
spectrum, both Fe and Mn can be found in the ratio of 6% in
the second spectrum. These XRF data confirm that Mn has
been doped in the required ratio. The XRF spectra of
samples with other Mn percentages also verified that the
correct amount of Mn has been doped.
Figure 5 shows the UV–visible absorption spectra of the
pure a-Fe2O3 and the Mn-doped a-Fe2O3 thin film samples.
The graphs of (ahm)2 vs. hm for pure a-Fe2O3 and Mndoped a-Fe2O3 samples are given in figure 6. Here, a, m and
h are the absorption coefficient, frequency and the Planck’s
constant, respectively. The values of kg and optical bandgap
(Eg) calculated from graphs in figure 6 are given in table 2.
Optical bandgap decreases with doping concentration up
to 6%. Because impurity atoms add some energy levels to
the band structure, the optical bandgap decreases. The
scattering of conduction electrons increase as the field
inside the crystal is fluctuated due to the existence of high
concentration of impurity atoms. Therefore, the optical
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Figure 4.
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XRF spectrum of 6% Mn-doped a-Fe2O3 thin film.

Figure 5. UV–visible absorption spectra of pure a-Fe2O3 and
Mn-doped a-Fe2O3 samples.

bandgap increases above doping concentration of 6%. As a
result, the highest gas sensitivity can be observed for the 6%
Mn-doped a-Fe2O3.
The electric current (I) was measured using AUTOLAB
at constant applied voltage of 5 V in order to measure the
gas sensitivity. The resistance was calculated using R ¼ 5VI .
Then the gas sensitivity (S) was determined using the following equation:
Ra  Rg
S¼
 100%;
ð1Þ
Ra
where Ra and Rg are the resistances of the film in air and the
saturated resistance in the particular gas, respectively. Ra is
a constant value for a one set of measurements. However,
Rg increases and reaches a saturated value after introducing
the gas. As a result, the gas sensitivity also increases and
reaches a saturated value after introducing the gas. Figure 7
shows the graph of the resistance vs. time for the pure aFe2O3 samples at the room temperature in 1000 ppm acetone vapour, CO2 gas, ammonia vapour and ethanol gas.
Table 3 shows the maximum gas sensitivity, response time

and the recovery time calculated from figure 7 for each gas
at the room temperature.
The highest gas sensitivity could be obtained for acetone
vapour. Gas sensors with the least response and recovery
times are considered to be the best gas sensors. Ammonia
indicated the least response and recovery times. Because
CO2 gas is mostly responsible for the air pollution, the rest
of the measurements of the doped samples were done only
for the CO2 gas.
Figures 8, 9 and 10 show the variation of the resistance
vs. time for the pure a-Fe2O3 samples, 3% Mn-doped aFe2O3 samples and 10% Mn-doped a-Fe2O3 samples,
respectively. All these samples were measured in 1000 ppm
of CO2 gas at the room temperature.
Similarly, graphs were plotted for the other doping concentrations. The gas sensitivity, response time and recovery
time for different Mn doping concentrations, measured at
1000 ppm of CO2 gas at the room temperature calculated
from the graphs, are tabulated in table 4. The highest gas
sensitivity of 70.1% could be obtained for the sample with
6% Mn. According to table 2, the optical bandgap is lowest
at 6% Mn concentration. When the optical bandgap is
narrow, more electrons can transfer from the valence band
to the conduction. As a result, the lower the optical bandgap
is the higher the gas sensitivity. The reducing gas (R) reacts
with the chemisorbed oxygen, thereby releasing an electron
back to the conduction band and decreasing the resistance
of the sensor material as following. As the resistance
decreases, the electric current increases.
R þ O ! RO þ e
Chemisorption is a kind of adsorption, which involves a
chemical reaction between the surface and the adsorbate.
New chemical bonds are generated at the adsorbent surface.
PEG binder used in a-Fe2O3 thin films helps to stabilize
more oxygen atoms from the atmosphere. The lowest
response and recovery times are provided by the pure aFe2O3 thin films and the 10% Mn-doped sample, respectively. As expected, the response and recovery times
increase with the gas sensitivity.
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Figure 6.

Graphs of (ahm)2 vs. hm for pure a-Fe2O3 and Mn-doped a-Fe2O3 films.
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Figure 7.

Bull. Mater. Sci. (2021)44:182

The resistance vs. time for the pure a-Fe2O3.

Figure 8.
samples.

Variation of the resistance with time for pure a-Fe2O3

Table 2. Calculated values of kg and optical bandgap (Eg) for
pure a-Fe2O3 and Mn-doped a-Fe2O3 films.
Mn:Fe2O3
Dopant concentration (%)
Pure
3
4
5
6
7
8
10

Eg (eV)

kg (9 10–9 m)

1.859
1.856
1.849
1.848
1.817
1.847
1.848
1.849

668
669
672
683
689
676
677
671

Figure 9. Variation of the resistance with time for 3% Mn-doped
a-Fe2O3 samples.

Table 3. Gas sensitivity, response time and the recovery time for
each gas.
Gas type
Ethanol
Ammonia
Carbon
dioxide
Acetone

Response
time (s)

Recovery
time (s)

Maximum gas
sensitivity (%)

128
94
300

200
137
400

27.1
23.2
46.0

109

186

49.2

The gas sensitivity of CuO films prepared by spray
pyrolysis method is about 3.5% in 100 ppm of CO2 at room
temperature [22]. Gas sensitivity of 6% Mn-doped a-Fe2O3
thin film is 70.1% at 1000 ppm of CO2 gas at room temperature. The maximum gas sensitivity of ZnO films synthesized by spray pyrolysis technique is 65% in 400 ppm of
CO2 at 350°C [23]. In this study, the highest gas sensitivity
is about 70% at room temperature.

Figure 10. Variation of the resistance with time for 10% Mndoped a-Fe2O3 samples.

4.

Conclusion

A low-cost gas sensing layer working at the room temperature was synthesized using the doctor blade method. The
relationship between dopant concentration and the gas
sensing properties of the iron oxide (a-Fe2O3)-based gas
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Table 4. Gas sensitivity, response time and recovery time for
different Mn doping concentrations.
Doping
concentration
Pure Fe2O3
3% Mn
4% Mn
5% Mn
6% Mn
7% Mn
8% Mn
10% Mn

Response
time (s)

Recovery
time (s)

Gas sensitivity
(%)

300
305
727
682
520
405
450
350

400
691
749
583
503
362
344
320

46.0
46.4
47.3
50.3
70.1
40.5
38.0
32.6

sensing layers was studied. PEG was used as a binder to all
the a-Fe2O3 sensing layers. Higher gas sensitivities of the
pure a-Fe2O3 films were obtained for acetone vapour
(49.2%) and CO2 gas (46%) compared to ethanol vapour
(27.1%) and ammonia gas (23.2%). However, response time
(300 s) and recovery time (400 s) are higher for CO2 gas. In
acetone vapour, response time (109 s) and recovery time
(186 s) are much better compared to those measured in CO2
gas. The gas sensing properties of iron oxide were enhanced
by adding manganese. The crystallization of the a-Fe2O3
phase was confirmed from the XRD patterns. Doping Mn
did not alter the hematite phase of a-Fe2O3. The a-Fe2O3
samples doped with 6% Mn exhibited the highest gas sensitivity (70.1%) compared to the pure a-Fe2O3 (46.0%). The
gas sensitivity gradually increased up to 6% doping concentration due to the increase of carrier concentration.
However, the gas sensitivity gradually decreased above 6%
doping concentration, because further increase in the carrier
concentration led to the dopant ions to localize on the grain
boundaries. On the other hand, destruction of crystalline
order due to additional Mn results in decreasing conductivity and gas sensitivity. The optical bandgap is narrowest
at 6% doping concentration. This is also attributed to the
highest gas sensitivity at 6% doping concentration. The
XRF analysis confirmed that the exact amount of Mn has
been doped.
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