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Graphical abstract Abstract
In this research, hematite (a-Fe20a) film was synthesised to study the effect
Hematite film of annealing temperature on its crystallinity, opfical and electrical
properties. Through a sonicated solufion immersion technique, hematite
Pre-annealed Post-annealed films were deposited on a fluorine-doped tin oxide (FTO) glass substrate. In

the synthesis process, 0.2 M ferric chloride (FeCls-6H20O) was used as a
precursor, 0.2 M urea (NH2CONH:) as the stabilizer, and de-ionized (DI)
water as a solvent to produce 200 ml of aqueous solution. During the
annealing freatment, we varied the temperatures at 350 °C, 450 °C and
500 °C. The X-ray diffraction (XRD) pattern revealed the presence of peaks
of 26 angles between 20° to 90°, corresponding to (104), (110), (214), (125)
and (128) planes, which exhibited crystalline structures of rhombohedral
with  diffraction peaks of hematite phase (a-Fe20s3). Optical
characterisations showed that the transmittances of all samples were
close fo 100% in the high wavelength level of the visible light region, which
is close to the infrared spectrum. Absorptfion of hematite samples was
found to be more than 0.6 a.u. in the low wavelength level of the visible
light region close to the ultraviolet spectrum and close to 0 in the high
wavelength level of the visible light region close to the infrared
spectrum. A sample with an annealing temperature of 500 °C has the
lowest fransmission and the highest absorbance in the visible region due
to dim pigments in the hematite film. Electrical measurements have shown
that the hematite samples have resistance values ranging from 13 to 62 Q.
Hematite samples annealed at 500 °C demonstrated suitable properties
for humidity sensing applications.

Hematite nanostructures Keywords: Hematite films, sonicated immersion, thermal annealing,
annealing temperature, humidity sensing
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Abstrak

Dalom penyelidikan ini, flem hematit (o-Fe20s) telah disintesis untuk
mengkaji kesan suhu sepuhlindap ke atas kehabluran, sifat optik dan
elektriknya. Melalui teknik rendaman larutan sonikasi, filem hematit telah
dimendapkan pada substrat kaca timah oksida (FTO) berdop fluorin.
Dalam proses sintesis, 0.2 M Ferric Klorida (FeCls -6H20) digunakan sebagai
prekursor, 0.2 M urea (NH2CONHz) sebagai penstabil, dan air nyah-ion (DI)
sebagai pelarut untuk menghasilkan 200 ml larutan akueus. Semasa
rawatan sepuhlindap, kami mengubah suhu pada 350 °C, 450 °C dan 500
°C. Corak pembelauan X-ray (XRD) mendedahkan kehadiran puncak 26
sudut antara 20° hingga 90°, yang sepadan dengan satah (104), (110),
(214), (125) dan (128) yang mempamerkan struktur kristal rombohedral
dengan puncak pembelauan fasa hematit (a-Fe20s). Pencirian optik
menunjukkan bahawa ketransmisian semua sampel menghampiri 100%
pada tahap jarak gelombang tinggi di dalam cahaya tampak, yang
menghampiri kepada spektrum inframerah. Penyerapan sampel hematit
diperhatikan lebih besar daripada 0.6 a.u. di tahap jarak gelombang
rendah di dalom cahaya tampak berhampiran dengan spekirum
ultraungu dan menghampiri O di tahap jarak gelombang tinggi di dalam
cahaya tampak berhampiran dengan spektrum inframerah. Sampel
dengan suhu sepuhlindap 500 °C mempunyai fransmisi yang paling
rendah dan penyerapan yang paling tinggi di kawasan cahaya tampak
disebabkan oleh pigmen malap dalam filem hematit. Pengukuran elektrik
menunjukkan sampel hematit mempunyai nilai rintangan di dalam
lingkungan 13 hingga 62 Q. Sampel hematit yang disepuhlindap pada 500
°C menunjukkan sifat yang sesuai untuk aplikasi pengesanan
kelembapan.

Kata kunci: Hematit, struktur nano, rendaman sonikasi, suhu sepuhlindap,
pengesanan kelembapan

© 2022 Penerbit UTM Press. All rights reserved

1.0 INTRODUCTION

In electronic devices nowadays, iron oxide is widely
considered a versatile material as a sensing element for
various applications. Development of the iron oxide
framework has shown promising applications, including
gas sensors [1], lithium-ion batteries [2], magnetic
devices [3], and photocatalysts [4], and power water
splitting [5]. The mineral compound of iron oxide is
categorised based on their phases such as hematite (a-
Fe203), magnetite (FesO4), and maghemite [6]. Among
these three phases of iron oxide, pristine hematite (a-
Fe203), is the most frequent polymorph. Hematite exists
in nature as a mineral that can be found abundant in
Earth’s crust, rocks, and soils. Hematite typically
comprises a higher iron content (by weight percent) of
70 % and only 30 % of oxygen. It is an n-type
semiconductor compound in groups IV and exhibits
the most stable phase of iron oxide under ambient
conditions. In addition, hematite has wide band gap
energy (Eg = 2.1 eV) and is simple to synthesise [7].
Hematite exhibits corundum type and
rhombohedral structures which are made up of Fed*
ions occupying two-thirds of the octahedral interstices
in alternate layers, and an O2% ion as a close-packed
hexagonal crystallographic structure. Hematite is easier
fo synthesise than other polymorph phases of iron
oxides as it is the end product of the iron oxide form of
transformation, and it is extremely stable under

environmental conditions. Hematite has been widely
used for multiple applications in the semiconductor
industry. It has produced the most important mineral
compounds in the modern world [8].

Several techniques have been employed to
synthesise hematite materials for sensor applications,
such as sol-gel [?], hydrothermal [10], and spray
pyrolysis [11]. Among these, the hydrothermal method
is commonly being used to synthesise hematite
materials, despite the requirement of high temperature,
pressure, and long synthesis time. This process has
produced hematite materials in form of granular
particles to be applied in electronics applications. There
are several parameters that could possibly affect the
grown hematite film, for example the type of precursor
and stabiliser used in the synthesis process [12],
annealing freatments [13], and characteristics of
substrate used in the synthesis. One of critical
parameters to confroling the deposited hematite
properties is the annealing freatment. In order to
enhance the structure of the crystal lattice, the
annealing treatment is necessary in the material
synthesis process. In furn, this process improves the films'
electrical properties as well as their adherence to the
substrate [14]. Besides, the increasing annealing
temperature would also have an impact on the growth
of crystallite size, according to other studies on the
annealing treatment based on various temperatures.
[15, 16, 17]. However, it has been discovered that
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extended annealing procedures have a negative
impact on the crystallinity of hematite [18].

In this research, the effects of annealing treatments
at various annealing temperatures on the structural as
well as optical and electrical characteristics of
hematite films were explored. The properties of
hematite films were investigated based on varying
annealing temperatures of 350 °C, 450 °C and 500 °C.
The goal of this study is to improve the crystallinity of the
hematite film by optimising the temperature via the
annealing freatment for humidity sensing applications.

2.0 METHODOLOGY

In this research work, the sonicated immersion method
was utilised to grow hematite layer on the substrate. The
overall hematite development in this paper s
separated info two main procedures, which are the
synthesis of hematite and characterisation. The
substrate was cleaned using a routine cleanings
procedure before the synthesis stage. After the
hematite preparation process was finished, annealing
was applied to the prepared film to improve the crystal
properties. The resulting film then investigated through
a characterisation process.

2.1 Substrate Preparation

The fluorine-doped tin oxide coated glass substrate
(FTO) was used for hematite synthesis. The dimension of
the FTO was 2 cm x 2 cm. The conductive surface of the
FTO has catalytic effect to facilitate the growth of
nanosfructured hematite fiim. Therefore, the FTO
surface had to be free of impurities fo ensure good
quality hematite film formation. The cleansing was done
during the substrate cleaning process. It began with
sonicating the FTO substrates in Power Sonic 405
ultrasonic water bath (frequency: 40 kHz). The FTO was
placed in a beaker filled with acetone for this process.
Then, the sonication was conducted for 10 minutes af
50 °C. The substrates were washed thoroughly with DI
water after sonication. Then, the sonication procedure
was carried out once more in the beaker containing
the FTO substrates by replacing the acetone with DI
water. With the aim of drying the substrate, a nifrogen
blowgun was used to remove water drops from the
substrate surfaces. In order to prevent hematite growth,
the tape was applied to a small section of the
conductive surface of FTO after the substrate cleaning
procedure was finished. This covered FTO area will serve
as one of the electrodes for electrical measurement.

2.2 Synthesis Process

The synthesis was conducted based on our previous
work [19], with some modifications were made for this
experiment. Using a GR 200 analytical electronic
balance, the weight of each material used in the
synthesis of hematite was measured. All chemicals (i.e.,
precursor and stabiliser) were used as received without

further purification. Both the precursor of ferric chloride
(FeCl3-6H20) and the stabiliser of urea (NH2CONH2)
were prepared as agqueous solutions in a beaker with a
molarity of 0.2 M. The DI water was added until the final
volume of the hematite precursor solution was 200 ml.

Then, the hematite precursor solution was sonicated
for 30 minutes at 50 °C as shown in Figure 1(a).
Sonication is required in this synthesis process to break
the clustered materials apart for better reaction [17].
The sonicated hematite precursor solution was then
stired on the hotplate stirrer at room temperature with
a speed=250 rpm for 5 minutes to achieve a
homogeneous mixture, as shown in Figure 1(b).

Figure 1(c) illustrates the immersion procedure used
to create hematite films. The conductive FTO layer was
facing downward, and the FTO glass substrate was
positioned parallel to and inside a precursor solution-
filled Schott bofttle before the immersion process. The
Schott bottle was then inserted into the water bath
apparatus shown in Figure 1 (d). The immersion process
took 2 hours at 95 °C. The sample was drawn out of the
Schott bofttle and thoroughly washed with DI water
after being submerged for 2 hours. The samples were
then dried for 10 minutes at 150 °C as depicted in Figure
1(e).

(@) Sonication (b) Stir

————

| ‘u\'\\ﬂ L

(d) Immersion

(c] Fillinto Schott vial

o @ @

( minin

(e] Dry and Annealing
treatment

3439
=

66 [ |

Figure 1 Synthesis process in sonication immersion method, (a)
sonication, (b) stir, (c) fill the mixture solufion and place the
FTO-substrate in Schott vials, (d) immersion for three bofttles of
sample, and (e) drying and thermal annealing in a furnace
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2.3 Annedling Treatment

The annealing process is essential for enhancing the
crystalline nature of hematite films. After the sonication
and immersion processes, the as-synthesized samples
were annecaled at 3 variations of temperature in a
furnace (Protherm Furnaces). The samples were
annealed separately for 1 hour at T = 350 °C, 450 °C,
and 500 °C, as depicted in Figure 1(e). The samples
annealed at T = 350 °C, 450 °C, and 500 °C were
labelled as Sample A, Sample B, and Sample C,
respectively. The samples were then cooled down to
ambient temperature for characterisation.

2.4 Characterization

The properties of hematite fims were characterised
based on crystallinity, optical properties, and current-
voltage (I-V) electrical characteristics as summarised in
Figure 2(a). The photos for pre- and post-annealed
samples were taken for comparison and
macrostructural analysis. The morphology of the film
was observed using JEOL field scanning electron
microscope (FESEM). There were two samples prepared
for each annealing temperature to facilitate different
characterisation processes. One of the samples had no
metal contact, as shown in Figure 2(b), which was used
for material characterisation involving structural and
optical properties. For metal contact purposes, silver
(Ag) was deposited on another sample of hematite film
using an electron beam thermal evaporator with a
thickness of 60 nm, as shown in Figure 2(c). The sample
with metal contact was used to measure the electrical
[-V characteristics.

The synthesized dried samples were subjected to X-
ray diffraction (XRD; PANalytical X'Pert PRO) with CuKa
radiation (= 1.5406) at 206 ranges from 10° to 90°
operated at 30 kV and a scan speed of 2°/min for the
crystallinity study. This characterisation was executed to
analyse the crystallinity of the prepared hematite film
that had grown on the FTO substrate. From the patterns
made by XRD measurements, the results could be seen
as diffraction peaks with different intensities.

For the optical characterisation, the samples were
examined in terms of absorbance and fransmittance
characteristics using Varian Cary 5000 ultraviolet-visible
(UV-Vis) spectroscopy. The degree of absorbance and
fransparency could be ascribed to the thickness and
optical behaviour of the hematite film.

The |-V measurement with a dual probing system
was executed within -5 V to 5 V, under ambient
temperature and room illumination conditions. The
compliance of the I-V measurement system was fixed
at 100 mA. This measurement is essenfially to analyse
the electrical characteristics of hematite films. The
sample probing set up is indicated as in Figure 3. The
electrical measurement was conducted firstly using the
contacts of deposited Ag and the FTO conductive
layer, as shown in Figure 3 (top). Next, electrical
measurement was performed by probing two Ag
contacts as indicates in Figure 3 (boftom). The purpose

of these measurements was to determine how different
probe contacts influence electrical properties.

(a) Characterizations implemented in this
research work

Characterisations
|
¥ ¥
Sample for Sample for
Material Electrical
= *
Structural W
Crystallinity using Characteristic
X-Ray Diffraction
Y

Cptlical Properties
Abzorbonce and Transmittance wsing
Ultrarviolet-\izi e

(b) Sample for material characterisation

Hematite (a-Fe,Os)

Glass

(c) Sampile for electrical characterisation

~Silver [A%} Contact

Hematite (a-Fe,05)

FTO Layer

Figure 2 (a) Characterizations implemented in this work, (b)
sample of grown hematite nanostructure fim no metal
contact, (c) sample with Silver (Ag) metal contact
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Figure 3 The electrical characterization probing set up, (Ag-
FTO) probing contact (top), and (Ag — Ag) probing contact
(bottom)

3.0 RESULTS AND DISCUSSION

The physical appearances of the grown hematite fim
for pre- and post-annealing freatments, as well as the
FESEM images of the morphology of hematite
nanostructure films for Samples A, B, and C, are shown
in Figure 4. Figure 4 (left) illustrates the observation of the
yellowish film pigment in all three pre-annealed samples
using the same synthesis setup. The yellowish pigment
became less intense in the post-annealing samples.
Further investigation revealed that the post-annealed
samples' film hues varied, as shown in Figure 4. (left).
Sample A, which was annealed at 350 °C, has less
infense pigments than sample C, which was annealed
at 500 °C. This result suggests that annealing at a higher
temperature increased the colour intensity of the
hematite fiim. The increase in colour intensity can be
attributed to the faster crystaline growth rate that
occurred at a higher annealing temperature. [18]. An
increase in annealing femperature also signifies a
densification in the fiims that occurs during the
annealing freatment, which is reflected in grain growth
and coalescence [20].

The surface morphologies of the prepared hematite
nanostructure  samples at  various  annealing
temperatures are shown in the FESEM image in Figure 4
(right), which was captured at a magnification of
50,000 x. All samples are seen to have nanorod
structures distributed uniformly and grown
perpendicular to the substrate surface. In confrast to
the other samples, Sample C, which was annealed at
500 °C, exhibits large pores on the nanorods and a
highly porous structure. The formation of pore areas
between the nanorods may be caused by the
evaporation of impurities during the annealing process
and the merging activity of the nanorods at high
temperatures. Hematite nanorods' average diameter

sizes for Sample A (350 °C), Sample B (450 °C), and
Sample C (500 °C) are estimated to be 55 nm, 76 nm,
and 62 nm, respectively, according fo measurements
taken from the FESEM images.

Sample A
350°C

—T—

Post-

annealed annealed
Sample B
450°C
Pre- Post-
annealed annealed
Sample C \
o g By
500°C B e ]
St ol & R
-t L 4 N 9,
s, ! i 2.2
Pre- Post- 4 /-
annealed annealed 2\

Figure 4 Physical appearance of hematite films pigments
grown on FTO substrates after pre-annealing, and post-
annealing (left), and the FESEM images showing the
morphology of three samples, A, B, and C (right)

The XRD analyses of the synthesised samples for 350
°C (Sample A), 450 °C (Sample B), and 500 °C (Sample
C) annealing temperatures revealed patterns as shown
in Figure 5. Standard XRD data (JCPDS #33-00664)
indicated that hematite fims had a polycrystalline
structure with a rhombohedral laftice structure based
on the observed peaks of the hematite (a-Fe203)
phase. Figure 5(a) shows the diffraction peaks of the
hematite film and the FTO layer (from the substrate).
Five hematite phase diffraction peaks, corresponding
to the (104), (110), (214), (125), and (128) planes, were
found at the following angles: 34.36°, 36.23°, 62.18°,
66.44°, and 81.37°, respectively.
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Figure 5 The crystallinity properties as exhibited by XRD pattern
of hematite nanostructure fims at various annealing
temperatures (a) The XRD pattern in the ranges between
26=10°to 26=90°, (b) close-up diffraction peaks at 26 between
33° to 37° shows that (110) plane does not appearin Sample A
that annealed at 350°C

The high intensity of diffraction peaks at 26°, 38°, and
52° implies the property of the FTO conductive layer on
the glass substrate which was not affected by the
variation in annealing temperature. The FTO layer for alll
three samples likewise exhibits very large intensity
diffraction peaks. Figure 5(b) displays the detailed

diffraction peaks of the (104) and (110) planes for all
three samples. The sample at the lowest annealing
temperature (350 °C) does not exhibit the diffraction
peak of the (110) plane, which is typically found
between 35° and 37°. Hematite samples with annealing
temperatures of 450 °C and 500 °C, on the other hand,
showed diffraction peaks clearly at the (110) plane. This
can be explained by the incomplete crystallisation
process that occurred atf a lower annealing
temperature due to insufficient heat energy [16, 17]. It
was also proven that annealing temperatures above or
equal to 500 °C can completely convert y-FeOOH to a-
Fe203[18]. Besides, the diffraction peak intensity of (110)
or (104) in the synthesised samples also decreased with
the increase of annealing temperature. The elevated
annealing temperature had instigated the growth of
hematite nanocrystals with crystallinity enhancement
and the reduction of impurities that had formed a
superior crystal in the hematite nanostructure film [19,
21].

The crystallite size, D, of the hematite nanostructure
film was determined from the prominent peaks (104)
and (110) by using the Debye-Scherrer formula [22]:

_ Ka
- B cos@

(1)

where A is the wavelength used (1.5406 A), B is the
angular line width at half maximum intensity (FWHM) in
radians, and 0 is Bragg's angle. It is observed that the
crystallite size of hematite Sample A is 4.9 nm, Sample B
is 25.4 nm, and Sample C is 27.8 nm. This demonstrates
that crystallite size does indeed increase with annealing
temperature.

Furthermore, the total defects in the hematite films
are deftermined by calculating the dislocation density,
8, using relation (2):

1
(&) =5; (2)

where D is the crystallite size of hematite nanostructure.
According fo the data compiled in Table 1, Sample A
exhibits the highest density of dislocations, measuring at
412.78x100 cm=2, The dislocation density drops to
15.53x10'0 cm? in sample B and 12.4x10'© cm?2 in
Sample C as the annealing femperature rises. The micro
strain, €, of the deposited hematite nanostructure was
determined from the following equation (3).

B cos6
=— (3)
where B is the FWHM and 6 is Bragg's angle in radians.
The micro strain, ¢ relates to the defect's presence
around the hematite crystal lattice. Table 1 lists the
variations of average diameter, crystallite size,
dislocatfion density, micro strain, and electrical
resistance for two probing configurations of deposited
hematite at 350°C, 450°C, and 500°C of annealing
freatment.
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Table 1 The average diameter, crystallite size, dislocation
density, micro strain, and electrical resistances of deposited
hematite nanostructure films

(A) (B) (€)

Annealing Temperature (°)

350°C 450°C 500 °C
Average diameter size 55 76 62
(nm)
Crystallite size, D (nm) 4.9 25.4 27.8
Dislocation density, &
(1010 cm-2) 412.8 15.5 12.4
Micro strain, € (104) 73.6 14.3 12.8
Resistance, (Q) (Ag-FTO) 41.04 61.95 58.53
Resistance, (Q) (Ag-Ag) 33.27 13.81 26.36

The transmittance and absorbance of synthesised
samples were measured in the range of wavelengths
from 300 nm to 800 nm in the visible light range as
demonstrated in  Figure 6. According to the
fransmittance  spectrum in  Figure 6(a), the
fransmittance of all samples is greater than 80% for
wavelengths ranging from 600 nm to 800 nm in the
visible region. The spectra also show that Sample A,
which was annealed to 350 °C, has the highest
fransmission for wavelengths less than 615 nm
compared to the other two samples. Furthermore, at
wavelengths ranging from 615 nm to 750 nm, Sample C,
which was annealed at 500 °C, had the lowest
transmission. This is probably due to dimmer pigments in
the hematite films of samples with higher temperature
annealing as reported in [23].

Referring to Figure 6(b), the absorbance of all
hematite nanostructure film samples was found to be
greater than 0.6 a.u. at wavelengths lower than 460 nm,
closer to the ultraviolet spectrum, and approaching 0.0
a.u. at wavelengths higher than 600 nm. Sample C ,
which was annealed at the highest annealing
temperature of 500 °C had a higher absorbance value
at wavelengths ranging from 350 nm to 570 nm. This
data is consistent with previous work by Marusak et al.,
(1980) who reported a similar frend of absorption bands
predicted by ligand field theory [24].

The absorbance bands from 500 to 800 nm
wavelength are considered to arise from spin-forbidden
ligand field transitions. The absorbance bands
occurring between 400-500 nm are considered to arise
from spin-flip transitions among the 2t2g and 3eg states,
which have a higher intensity than spin-flip transitions,
which are enhanced in materials with magnetic
coupling [25]. The absorbance bands from 300-400 nm
wavelength arise from O% to Fed* charge fransfer
between the O 2p nonbonding orbitals (6t1u, 1) and
the lowest empty orbital (2f2g]). The lower wavelength
features band (not shown in Figure 6(b)) are charge
transfer tfransitions from O 2p nonbonding levels to the
3eg orbital. As aresult, those bands aftribute the strongly
absorbance characteristics of hematite (a-Fe203) in the
visible and UV regions of the optical spectrum to allow
transitions in origin that are either spin flip or charge
transfer [24]. In this study, a large absorption coefficient
is found to be accounted for by the charge transfer

bands. From the transmittance and absorbance data,
it is noted that hematite samples have a higher
tfransmittance at higher wavelengths in the visible
region close to the infrared spectrum, and a higher
absorbance in the lower wavelengths close to the
ultraviolet spectrum.

@) 120
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S 80+
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o
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2 40
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Figure é The optical properties of hematite nanostructure at
different annealing temperatures, (a) transmittance, (b)
absorbance

As the electrical characteristics of the Ag-FTO and
Ag-Ag probing contacts were evaluated, it was
discovered that the measurement through the Ag-FTO
contact contributed to a steady behaviour, as shown in
Figure 7(a). In this characteristic, hematite Sample B
that is annealed at 450 °C shows the highest resistance
(R=AV/Al), 61.95 Q, followed by Sample C, annealed at
500 °C has resistance 58.53 Q, and sample A, annealed
at 350°C, 41.04 Q, which has the lowest resistance as
indicated in the Table 1. Meanwhile, Figure 7(b) depicts
the electrical properties for the Ag-Ag contact
measurement, which displays the ohmic response in all
samples. Nonetheless, Sample B, which was annealed
at 450 °C, has the lowest resistance as indicated in
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Table 1 followed by Sample C and Sample A. As the
resistance value only varies from 13 Q to 33 Q, the
resistance values for all samples do not significantly
differ from one another. A porous structure that was
induced on the nanorod surfaces of Sample C, as
shown in the FESEM image in Figure 4, may be the cause
of the slightly higher resistance of Sample C compared
to Sample B. It is possible for the porous surface to
absorb oxygen molecules from the surrounding air,
frapping carriers (such as electrons) in the process and
creatfing adsorbed oxygen ions [26, 27]. As a result, the
number of free electron carriers decreases, and the
film's resistance rises. Meanwhile, previous work also
reported that hematite films exhibit a high resistivity
more than >105> Qcm which indicates pure a-Fe2Os
characteristics [28]. It is expected that Sample C, which
has a high density of pores on the nanorod surfaces, will
produce a better sensor response because the
resistance of the filmis not noticeably different between
Sample A, Sample B, and Sample C, and this hematite
film fabrication is intended for humidity sensing
applications.
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Figure 7 The electrical characteristics for hematite samples
annealed at different temperatures based on (a) Ag-FTO
contact and (b) Ag-Ag contact measurement

4.0 CONCLUSION

Hematite films were successfully prepared through the
sonication immersion method for different annealing
temperatures (350 °C, 450 °C, and 500 °C) to investigate
the effect of increasing temperature during thermal
annealing on the hematite structural, crystallinity,
optical, and electrical properties. The XRD pattern has
revealed rhombohedral structures of hematite crystals
with diffraction peaks of hematite (a-Fe20s) plane
orientations. Sample A (350 °C), in contrast to samples
B (450 °C) and C (500 °C), did not exhibit diffraction
peaks in the (110) plane because the fransition of the
a-FeOOH goethite phase into the hematite (a-Fe203)
phase was not complete. The nanorod structure of
grown hematite, with an average size in the 50-80 nm
range, was observed in FESEM images. While sample A's
crystallite size is calculated to be 4.92 nm, samples B
and C display crystallite sizes of 25.38 nm and 27.84 nm,
respectively. In comparison to the other two samples
(i.e., Sample B and Sample C), sample A has a much
higher dislocation density (412.78x10'° cm2), indicating
that the laftice has a higher number of defects. The
hematite film samples were found to demonstrate high
fransmittance in the high wavelength region close to
the infrared spectrum and high absorbance in the
visible region close to the ultraviolet spectrum. Sample
C, with an annealing temperature of 500 °C has the
lowest transmission and the highest absorbance in the
visible region, most likely due to dim pigments in the
hematite nanostructure fims. Sample C shows a slightly
increased resistance value compared to Sample B due
to the more porous surface posed by sample C. It is
likely that Sample C, which was annealed at 500 °C, is
the best sample for use in humidity sensing applications
based on the structural, optical, and electrical data.
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