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method under a uniform magnetic field for a high-
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Iron oxide (Fe,Os3) thin films are promising semiconductors for electronic applications because Fe,Os is an
earth-abundant semiconductor with an appropriate band gap. However, many methods for the synthesis of
Fe,Os3 thin films require a corrosive source, complex procedures, and many types of equipment. Here, we
report, for the first time, a simple method for Fe,Os deposition using sparking under a uniform magnetic

field. The morphology of Fe,Os displayed an agglomeration of particles with a network-like structure.
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magnitude of the magnetic field. For application in humidity sensors, Fe,O3z at a magnetic field of 200

DOI: 10.1039/d1ra07490c mT demonstrated a sensitivity of 99.81%, response time of 0.33 s, and recovery time of 2.57 s. These
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Introduction

Iron oxide (Fe,O3) plays an important part in many applications
(e.g., gas sensors, batteries, supercapacitors, and photocatalytic
water splitting) because Fe,O; is an earth-abundant semi-
conductor with a direct bandgap of ~2.35 eV and an indirect
bandgap of ~1.38 eV."”®* Moreover, Fe,O; nanoparticles coated
with fullerene-like shells are also used as “nano-transporters”
for radioisotopes, which is beneficial for diagnosing and
monitoring in the medical field.> A high surface area and
surface-to-volume ratio with surface modification enables Fe,O;
nanoparticle films to become appropriate materials for
humidity sensors.” Nevertheless, many methods for the
synthesis of Fe,O; thin films (e.g., sputtering and atomic layer
deposition) require different types of equipment and involve
complex procedures.®® In addition, the fabrication of humidity
sensor-based Fe,O; requires a temperature > 1000 °C, for
example, for the sintering method.'®" Therefore, an alternative
method with a simple process and low temperature require-
ment for the synthesis of Fe,Oj; thin films is essential.

It has been reported that facile methods such as sparking
under a non-uniform magnetic field can influence the proper-
ties of magnetic materials such as iron (Fe), nickel (Ni) and
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results can provide references for new research studies.

cobalt (Co).*»** Previously, we showed that an increase in the
magnitude of a uniform magnetic field reduces the porosity and
improves the crystal structure as well as the electrical properties
of a NiO film.**** Thus, a sparking method under a uniform
magnetic field could be employed to produce a Fe,O; film and
optimize its properties for humidity sensors.

Here, we reveal, for the first time, Fe,O; deposition using
a sparking method under a uniform magnetic field. The influ-
ence of the magnetic field on the morphology, crystal structure,
optical properties, chemical composition, and electrical prop-
erties was studied. Furthermore, the capability of the Fe,O; film
to sense humidity was investigated.

Experimental section
Deposition of Fe,0;

A glass substrate of area 1 x 1 cm” was cleaned by sonication for
5 min each time in deionized (DI) water, acetone, and ethanol,
respectively. The sparking method under a uniform magnetic
field of 0, 100, 200, and 300 mT was setup according to our
previous work (Fig. 1)."® Fe wires (99.98% purity; Advent
Research Materials) were deposited onto the glass substrate for
30 min. Then, films were annealed at 450 °C under ambient air
for 2 h.

Fabrication of humidity sensor

Interdigitated electrodes (IDEs) with an area of 1 x 1.5 cm” and
a channel of 450 um were cleaned by sonication and deposited
by the sparking method under a uniform magnetic field, as
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Fig. 1 Deposition of Fe,Oz and fabrication
(schematic).t®

of a humidity sensor

mentioned above. The deposition time for each condition was
5 h.

Characterization

Fe,O; films were characterized by scanning electron microscopy
(SEM) using a JSM-6335F system (Jeol), X-ray diffraction spec-
trometry (XRD) employing an XO0Pert MPD setup (Philips),
ellipsometry using an alpha-SE system (JA Woollam), UV-Vis
spectrophotometry employing a Varian Cary 50 setup (Agilent
Technologies) and X-ray photoelectron spectrometry (XPS)
using an Axis Ultra DLD system (Kratos Analytical). Fe,O;
humidity sensors were evaluated using a source measure unit
(2450 series; Keithley Instruments) and a humidity controller

(Fig. 2).

Results and discussion

SEM (Fig. 3) displayed the morphology of Fe,O; deposited at
various magnitudes of the magnetic field. SEM images revealed
the agglomeration of particles with a network-like structure.
Moreover, the increase in the magnitude of the magnetic field
induced accumulation of more particles. Interestingly, this
result was not in accordance with our previous work, which
indicated that an increase in the magnetic field reduced the
porosity of the NiO film."** The reason for this result was the
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Fig. 2
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earlier oxidation of Fe particles without annealing, which
resulted in misalignment of the particles.”

The crystal structure of Fe,O; films analyzed by XRD is dis-
played in Fig. 4a. The patterns of the Fe,O; films at a magnetic
field of 0 mT did not contain any peaks. For Fe,O; films at
magnetic fields of 100-300 mT, all peaks were in accordance
with Joint Committee on Powder Diffraction Standards (JCPDS)
33-0664, which revealed the film deposited by our method to be
hematite (a-Fe,03). Increasing the magnetic field up to 200 mT
increased the intensity of the (104) peak and decreased after the
magnetic field exceeded 200 mT. To obtain the crystallite size
(D) and dislocation density (6) of Fe,O; films, we used the
following equation:*

D = 0.9/ cos 0 (1)
1
0= i3 (2)

where 1 is the wavelength of the X-ray (1.5418 A), § is the full
width at half maximum (FWHM) of the diffraction peak and 6 is
the Bragg angle of the diffraction peak. This equation revealed
that the crystallite size of Fe,O; films at a magnetic field of 100,
200, and 300 mT was 39.2, 41.5 and 30.2 nm, respectively. For
a dislocation density of Fe,O; films at a magnetic field of 100,
200, and 300 mT, the value calculated by eqn (2) was 6.52, 5.81
and 1.1 x 10" lines m™?, respectively.

The optical properties of Fe,O; films are shown in Fig. 4b
and c. The absorption spectra in Fig. 4b reveal that the increase
in the magnitude of the magnetic field from 0 mT to 200 mT
causes a redshift and increased the absorption intensity.
However, a too-high magnetic field (300 mT) led to a blueshift,
which originated from an increase in dislocation density as
observed by XRD. This result is consistent with data for other
metal oxides reported by Zeid and colleagues and Schwinger
and collaborators.'®"” Ellipsometry revealed the thickness of the
Fe,0; films at a magnetic field of 0, 100, 200, and 300 mT to be
258, 447, 641, and 901 nm, respectively. The transmittance of
the Fe,O; films is shown in Fig. 4c. The average transmittance
(Tavg) of Fe,0; films at a magnetic field of 0, 100, 200, and 300
mT was 85.65%, 80.70%, 68.04%, and 59.46%, respectively.
This result is in accordance with the increase in film thickness
measured by ellipsometry because a stronger magnetic field can

(a) Schematic diagram and (b) practical use of the humidity controller.

© 2022 The Author(s). Published by the Royal Society of Chemistry
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Fig. 3 SEM images of (a) 0 mT, (b) 100 mT, (c) 200 mT, and (d) 300 mT Fe,Os, respectively, on a glass substrate.
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(a) XRD patterns of samples. (b) Absorbance of Fe,Os films. (c) Transmittance of Fe,Os films. (d) Tauc plot of samples.
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Fig. 5 XPS of Fe,Os3 films deposited at a magnetic field of different strengths. (a) Survey scan of samples. (b) Fe 2p core-level spectrum. (c) O 1s

core-level spectrum. (d) C 1s core-level spectrum.

Table 1 XPS data of samples

Peak Position (eV) Assignment Reference
Fe 2ps), 710.2 Fe** 18
711.6 Fe** 19
713.2 Fe** 19
Fe 2py)» 723.6 Fe** 20
725 Fe** 20
726.5 Fe** 21
0 1s 530 0% 15
531 0% 14
532.8 0=C 22
534 C-OH 22
535.3 H,O 23
536 O-N 24
C1s 285 Cc-C 25
286.2 C-OH 15
287 Cc=0 14
289 0=C-0 15

collect more particles. To reveal the influence of the magnetic
field on the bandgap (E,) of Fe,O3, we used Tauc's relationship,
as determined by the following equation:****

(ahv) = A(hv — Eg)" (3)
o =2.303 (%) (4)

where v is the photon frequency, # is the Planck constant, A is
a proportionality constant, « is the absorption coefficient, 4y, is
the absorbance, ¢ is the thickness of the film, and 7 is equal to 2
or 1/2 for indirect and direct transitions, respectively. By using

1530 | RSC Adv, 2022, 12, 1527-1533

(ahv)? versus hv (Fig. 4d), the optical bandgap of Fe,0; films at
a magnetic field of 0, 100, 200, and 300 mT was evaluated to be
2.65, 2.58, 2.45, and 2.60 eV, respectively. This bandgap value
was in agreement with the absorbance result.

The elemental composition of the films was explored by XPS
(Fig. 5). The survey spectra in Fig. 5a show that all films con-
sisted of Fe, O, Mg, Na, Ca, C, and Si at the same location for
each condition. Mg, Na, Ca, and Si originated from the glass
substrate. In addition, the signal for C arose from contamina-
tion of the carbon tape, which is used as the electrical contact
between the sample and the holder of XPS. By applying
a magnetic field of 0, 100, 200, and 300 mT, the atomic
concentration of Fe was found to be 9.47%, 10.82%, 13.06%,
and 15.75%, respectively. Therefore, the increase in % Fe was in
agreement with the number of particles observed by SEM. The
XPS core-level spectra of Fe 2p, O 1s, and C 1s are illustrated in
Fig. 5b—d, and assignment of elemental bonding is shown in
Table 1.

Fig. 6 illustrates the electrical properties of the Fe,O; sensor
deposited at magnetic fields of different strengths. Electrical
properties were characterized under 100% humidity. The
current (I)-voltage (V) characteristic curves of the Fe,O5; sensor
(Fig. 6a) were linear, revealing ohmic behavior. For the 100 mT
Fe,O; sensor, the device acted as an insulator and did not
respond to humidity. By increasing the magnetic field, the slope
of the I-V characteristic curve increased, resulting in a reduc-
tion in the resistance. However, a magnetic field >200 mT
increased the resistance. This effect originates from the crys-
tallite size, which is inversely related to the resistance.”
Therefore, the I-V characteristic curve of the Fe,O; sensor
supported the XRD results. To investigate further the electrical

© 2022 The Author(s). Published by the Royal Society of Chemistry
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Fig. 6 Electrical properties of the Fe,Oz sensor at 100% humidity. (a) /-V characteristic curve at various magnetic fields with the inset of the
resistance versus magnetic field (red) and crystallite size versus magnetic field (blue). (b) Semi-log plots of the |-V characteristic curve.
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Fig. 7 Mechanism of the Fe,Os humidity sensor. The blue, red,
orange, and white spheres represent iron, oxygen of iron, oxygen of
water, and hydrogen, respectively.?®

properties and underlying mechanism behind the Fe,O; sensor,
semi-log plots of I-V characteristics were used (Fig. 6b). The
curves of 100, 200, and 300 mT Fe,O; sensors displayed negative
shifts. This shift was caused by the electrochemical driving
force acting on the ion, which can be explained by the following

equation.>**”

I:GVDF
Vor = Vsp — Vo
R=— 7
d o)

where I is the ionic current, G is the conductance of the ion, Vg
is the electrochemical driving force, Vsp is the sensor potential,
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Fig. 8
mT, and (d) 300 mT at an operating temperature of 95 °C.

© 2022 The Author(s). Published by the Royal Society of Chemistry

(a) Resistance versus RH of the Fe,Os sensor. The response time and recovery time of the Fe,O3z sensor deposited at (b) 100 mT, (c) 200
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Table 2 Comparative performance of humidity sensors deposited by different methods

Operating temp Response time Recovery time
Method (°C) (s) (s) Reference
Spark under 100 mT 95 3.07 12.53 This work
Spark under 200 mT 95 0.33 2.57 This work
Spark under 300 mT 95 0.75 6.64 This work
Spin coating 26 1.79 4.97 28
Electrospinning 240 10.2 23 30
Hydrothermal 25 29 630 7
Hydrothermal 260 12 40 31
Carbon sphere 380 14.5 10 32
template
Sputtering — 15 40 33
Sputtering — 3 12 34

Vo is the equilibrium potential for the oxygen ions, and R is the
resistance. By considering eqn (5) and (6) at 0 V of the semi-log
plots (without bias), the current has positive values (Vpg > 0),
which is caused by net ionic movement across the electrode of
the sensor (Vsp > Vo). This net ionic movement is generated by
oxygen ions, whereas the Fe,O; sensor adsorbs moisture.”®
Based on this mechanism along with eqn (7), the increase in
relative humidity (RH) increases the ionic current, which results
in a decrease in the resistance of the Fe,O; sensor. Fig. 7 was
used?’ for deeper understanding of the mechanism of the Fe,O;
humidity sensor.

The resistance versus RH of the Fe, O3 sensor is illustrated in
Fig. 8a. Upon increasing the RH from 10% to 100%, the resis-
tance of the Fe,O; sensor decreased due to formation of a layer
of water molecules, thereby generating the ionic current, as
mentioned above. In addition, the lowest resistance of 100, 200,
and 300 mT Fe,O; sensors at an RH of 100% also matched the
result of I-V curves. The response time and recovery time of the
Fe,O; sensor are shown in Fig. 8b-d. These measurements were
made at a humidity of 0% to 100% at 95 °C. The average
response time of 100, 200, and 300 mT Fe,O; sensors was 3.07,
0.33, and 0.75 s, respectively. The average recovery time of the
100, 200, and 300 mT Fe,O; sensors was 12.53, 2.57, and 6.64 s,
respectively. The decrease in the response time is related to the

1x10’

increase in the surface area and surface-to-volume ratio.” An
increment in these two factors also enhances heat transfer from
the sensor to moisture, and decreases the recovery time, as
observed in 100 and 200 mT Fe,O; sensors. The response time
and recovery time of the 300 mT Fe,O; sensor increased due to
its thickness, which caused an increase in the penetration time
and time needed to release moisture. For more information on
the sensitivity (S) of the sensors, eqn (8) was used:**

AR
= —x 100
S R X

(8)

where AR is the change in resistance and R, is the resistance at
an RH of 0%. Using eqn (8), the sensitivity of 100, 200, and 300
mT Fe,O; sensors was calculated to be 99.58%, 99.81%, and
99.71%, respectively. The comparative performance of humidity
sensors is shown in Table 2.

The stability of 100, 200, and 300 mT sensors was measured
under a humidity of 100% for 1000 min at room temperature
(Fig. 9a). The 100, 200, and 300 mT sensors showed stable
behavior with an average resistance (in Q) of 11 427 + 5, 6535 +
2, and 403 322 &+ 219, respectively. The resistance of 21 sensors
deposited by sparking under a magnetic field of 200 mT is
displayed in Fig. 9b. All devices were measured at a humidity of
100%.

w
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(a) Stability of sensors under a humidity of 100% for 1000 min at room temperature. (b) Resistance of 21 devices deposited at a magnetic
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Conclusions

Fe,O; film was deposited on IDEs and a glass substrate by
sparking under a uniform magnetic field. The XRD pattern and
SEM revealed that the structure of the Fe,O; film was hematite
and network-like. The crystallite size, optical bandgap, thick-
ness, and electrical properties of Fe,O; films were influenced by
the uniform magnetic field. The performance of humidity
sensors based on Fe,0; film can be improved by deposition at
a magnetic field of 200 mT to provide a sensitivity of 99.81%,
response time of 0.33 s, and recovery time of 2.57 s, at 95 °C. Our
results pave the way for future investigation of the properties
and applications of magnetic materials, which can be deposited
by sparking under a uniform magnetic field.
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