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ABSTRACT 

Thin films of hematite (α-Fe2O3) were deposited by heteronucleation through the process of hydrolysis and condensa- 
tion of an aqueous solution of 0.1 M Fe(NO3)39H2O, 1 M NaNO3, 50 ml H2O in addition with five drops of HCl at 
90˚C. One of the samples was kept as prepared while the others were annealed at different temperatures in order to de-
termine the effect of annealing on their solid state and optical properties. The films were characterized using Rutherford 
Back Scattering (RBS), spectroscopy for chemical composition and thickness, X-Ray Diffraction (XRD) for structural 
analysis, UV-VIS Spectrophotometer for the analysis of other solid state and optical properties and a photomicroscope 
for photomicrographs. The results indicate that while the absorbance and absorption coefficient decreases with increas-
ing annealing temperature, the direct band gap and refractive index increases with increasing annealing temperature in 
the direction of increasing photon energy in the visible range. Also, there is a high infra-red transmittance which in-
creases with increasing annealing temperature and a shift/decrease in peak value of all the optical properties except 
transmittance in the direction of increasing photon energy as annealing temperature increases. The results further indi-
cate that ACG hematite thin film annealed at 632 K is a suitable metal oxide semiconductor material for photocatalytic 
applications. It is also suitable for use in the construction of poultry houses for the rearing of chicks because of its high 
infrared transmittance including other opto-electronic applications. 
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1. Introduction 

-Fe2O3 the most stable oxide of iron is environmentally 
friendly (non toxic), highly resistant to corrosion and 
ferromagnetic [1]. It occurs naturally in the form of a 
mineral resource called hematite which is the major 
source of iron used in producing steel. 

Iron is obtained from hematite through a carbothermal 
reduction process which is shown below. 

2 3 22Fe O 3C 4Fe 3CO   [2] 

Pure iron is also obtained from -Fe2O3 in an ex- 
tremely exothermic thermite reaction which is shown 
below  

2 3 2 32Al  Fe O 2Fe  Al O   [3]. 

Magnetite, a black magnetic material which contains 
both Fe(III) and Fe(II) is also obtained from -Fe2O3 in a 
partial reduction process using hydrogen at a tempera- 
ture of about 400˚C. This is indicated in the reaction be- 

low  

2 3 2 3 4 23Fe O H 2Fe O H O   [4]. 

In the form of fine powder, -Fe2O3 is used in polish- 
ing metallic jewelry and lenses. It is also used as pigment 
for paints, varnish, ink, rubber, plastics etc. [5]. 
-Fe2O3 is used as catalyst for petrochemical applica- 

tions [6] and also has biomedical applications [7,8].  
Hematite has also been studied intensively for its use 

in magnetic devices [9], rechargeable lithium-ion batter- 
ies [10], and in gas sensors [11,12]. 
-Fe2O3 has a rhombohedral structure and is antifer- 

romagnetic below the temperature of 260 K. Pressure, 
particle size, structure, morphology and magnetic field 
intensity are some of the factors that determine the mag- 
netic properties of -Fe2O3 [13]. 

Bulk -Fe2O3 have been produced in the laboratory by 
electrolyzing a solution of sodium bicarbonate using an 
iron anode. The resulting hydrated iron(III) oxide is de- 
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hydrated at a temperature of about 200˚C. The problem 
with this production method is the large power supply 
requirement. 

Iron(III) oxide can also be prepared by the thermal de- 
composition of Iron(III) hydroxide below a temperature 
of 200˚C.  

Nanowires, nanotubes (one dimensional), flakes (two 
dimensional) and hollow/porous (three-dimensional) nano- 
structures of -Fe2O3 have also been produced [14-16]. 
Some of the methods that have been used to produce 
nanostructures of -Fe2O3 are spray pyrolysis [17], sol- 
gel [18], template [19] and hydrothermal [20] methods.  

The above production methods have various disad- 
vantages which range from high production cost, less 
purity level, high temperature requirement, possibility of 
generating wastes that can pollute the immediate envi- 
ronment etc. We have used a relatively novel method, the 
Aqueous Chemical Growth method, after Lionel Vays- 
sieres [21,22] which has the advantage of low production 
cost, high purity level, non requirement of surfactants 
and templates, environmental friendliness, low tempera- 
ture requirement etc. to deposit thin films of -Fe2O3 
having average thickness of 200 nm on glass substrates 
for study. 

The deposited thin films were annealed at different 
temperatures and characterized in order to determine the 
effect of annealing on their solid state and optical proper- 
ties.  

2. Methodology  

The samples of the thin -Fe2O3 films were deposited by 
heteronucleation onto four clean glass substrates. This 
was done through the process of hydrolysis and conden- 
sation of an aqueous solution made up of 0.1 M  
Fe(NO3)39H2O, 1 M NaNO3, 50 ml H2O together with 
five drops of HCl at 90˚C for 12 hours. The precursor is 
hydrated iron nitrate. 1 MNaNO3 was added to 0.1 M 
Fe(NO3)39H2O in 50 ml H2O. Thereafter five drops of 
HCl was added to adjust the pH level. 

The appropriate masses of each of the component 
chemicals were determined and measured using a labo- 
ratory electronic analytical microbalance and put into a 
100 ml pyrex bottle. The content of the pyrex bottle was 
then properly stirred using a magnetic stirrer before four 
clean glass substrates were inserted in such a way that 
they were inclined at an angle to the wall of the con- 
tainer.  

The corked pyrex bottle containing the chemicals and 
the four substrates was then put into a laboratory oven 
with its temperature adjusted to 90˚C and left for a period 
of 12 hours. 

Thereafter, the substrates were removed from the 
residue in the pyrex bottle and were thoroughly rinsed 

with distilled water before being dried in air. 
Three of the samples D2, D1 and D5 were subsequently 

annealed at different temperatures of 423 K, 523 K and 
623 K respectively while sample D4 was left as prepared 
originally. 

The as-prepared and annealed samples were then 
characterized and studied. While the thickness and com- 
position of the thin films on the substrates was deter- 
mined using the Rutherford Backscattering (RBS). The 
diffractogram was obtained using X-Ray Diffractometer 
(XRD) with CuK radiation source having a wavelength 
of 1.54056 Å and equipped with a graphite back mono-
chromator. 

The effective particle size was estimated using the 
Scherer’s formula while the spectral analysis was carried 
out using a Unico-UV-2102PC spectrophotometer and 
the photomicrograph analysis was done with a KPL- 
W10X/18 Zeiss standard 14 photomicroscope M354760 
+ 2-9901 camera. 

This paper reports the effect of thermal annealing on 
the solid state and optical properties of ACG -Fe2O3 
thin films. 

3. Results and Discussion 

The elemental composition and the thickness of sample 
D4 was determined by means of Rutherford Backscat- 
tering (RBS). 

The result is indicated in Figure 1. Based on the film 
composition shown in Table 1, it is concluded that the 
elemental composition of sample D4 is made up O (0.700) 
and Fe (0.300) while that of the glass substrate is made 
up O (0.500), Si (0.120), Ca (0.100), Al (0.100) and Na 
(0.180). 
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Figure 1. Element composition and thickness of sample D4. 
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Table 1. Elemental composition of ACG -Fe2O3 thin film and substrate from RBS analysis. 

 Oxygen Iron Silicon Calcium Aluminium Sodium 

-Fe2O3 thin film 0.70% 0.30% - - - - 

Glass substrate 0.50% - 0.12% 0.10% 0.10% 0.18% 

 
The X-ray diffraction patterns of three samples, (D4, 

D1 and D5) of the ACG -Fe2O3 thin films are as shown 
in Figures 2-4 respectively. The diffractograms indicate 
the occurrence of diffraction peaks at 2 = 24.98˚, 33.5˚, 
36.5˚, 40.5˚, 49.0˚, 54.0˚ and 62.50˚ which correspond 
approximately to the (012), (104), (110), (113), (024), 
(116) and (214) directions respectively in the as-prepared 
sample. This approximately agrees with the standard 
pattern on JCPDS Card No. 33-0664 [1]. This shows that 
the deposited thin films are pure and polycrystalline in 
nature. The diffraction patterns of the annealed (D1 and 
D5) samples indicate broad peaks. 

The calculated crystal size based on the (012) diffrac-
tion peak (24.98˚) in the as prepared sample, using the 
Sherrer formula, is about 17.4 nm. Su et al. [1] obtained 
10.2 nm as the calculated crystal size of pristine porous 
-Fe2O3 prepared by hydrothermal method based on the 
broadening of the (104) diffraction peak. 

The Figure 5 below shows the absorbance spectrum of 
the as-prepared -Fe2O3 and the annealed samples. The 
absorbance of the as-prepared -Fe2O3 rises from an ini- 
tial value of about 1.07 to a maximum value of about 1.2 
at 469 nm and then falls with increasing wavelength to 
about 0.443 at 600 nm. In the infra red region the ab- 
sorbance gradually decreased with increasing wavelength 
to about 0.1 at about 908 nm. 

Su et al. [1] recently synthesized tunable porous hema- 
tite for gas sensing and lithium storage in lithium ion 
batteries using hydrothermal method. They reported an 
absorbance spectrum for the as-prepared -Fe2O3 nano- 
particle which rose from an initial value of about 1.125 at 
300 nm to a maximum value of about 1.81 at about 338 
nm within the ultra-violet region. Thereafter, the absorb- 
ance decreased with increasing wavelength to about 0.44 
at 400 nm and became fairly stable in the infra red region. 
Hence, our absorbance peak value occur in the visible 
range, while that of Su et al. [1] occurred within the ul- 
traviolet range but the shapes of the spectra are basically 
the same. The difference in the positions of the peak 
values and in the peak values may be due to difference in 
preparation methods and the crystal sizes obtained. 

The absorbance spectra of the annealed samples indi- 
cate a reduction of absorbance peak with annealing tem-
perature while maintaining the same shape with the spec- 
trum of the as-prepared sample. 

Figure 6 shows the transmittance spectra for all the 

samples while the absorbance peak of the sample an- 
nealed at 423 K dropped to about 1.143 the peaks for the 
samples annealed at 523 K and 623 K reduced to about 
1.07. 

Generally, within the visible and infra-red ranges, the 
absorbance decreases with annealed temperature for a 
particular wavelength. 

In the visible range the transmittance of all the samples 
increased with increasing wavelength. For example, the 
transmittance of the as-prepared sample increases from 
6.43% at about 446 nm to 37.9% at about 600 nm while 
for the sample annealed at 423 K the transmittance in-
creased from about 7.9% at 446 nm to about 45% at 554 
nm. Similarly, the samples annealed at 523 K and 623 K 
had their transmittances increased from about 9.3% at 
423 nm to about 53.6% at about 600 nm. Generally, 
transmittance within the visible range occurs at a shorter 
wavelength with increasing annealing temperature. The 
transmittance of all the samples increased with increasing 
wavelength in the infra red region. However, it increased 
with increasing annealing temperature for a particular 
wavelength. For example, the transmittance of the as- 
prepared sample and the sample annealed at 623 K at 915 
nm are about 70.0% and 80.6% respectively at 912 nm. 

The high infra-red transmittance of the annealed ACG 
-Fe2O3 thin films make them suitable materials for use 
in constructing poultry houses for the rearing of chicks. 

The reflectance peak is generally low for all samples. 
This is shown in Figure 7. However, the peak shift to- 
wards shorter wavelength as the annealed temperature 
increases. While the peak reflectance value for the 
as-prepared sample is about 18.75% at 577 nm, that of 
the sample annealed at 423 K is about 19.2% at 558 nm. 
The reflectance peak of the samples annealed at 523 K 
and 623 K is approximately 20% at 539 nm. In the infra 
red region, the reflectance decreases from the peak value 
with increasing wavelength. However, for a particular 
wavelength in the infra red region, the reflectance de- 
creases with increasing annealing temperature. 

The absorption coefficient spectra for the samples are 
as shown in Figure 8. Absorption coefficient of all the 
samples increased rapidly with increasing photon energy 
and reaches its peak in the visible range. However, the 
absorption coefficient decreased with increasing anneal- 
ing temperature at a particular wavelength within the 
visible range. 
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Figure 2. X-ray diffraction pattern of sample D4. 
 

 

Figure 3. X-ray diffraction pattern of sample D1. 
 

The absorption coefficient of the as-prepared sample 
rises from 0.8 at 2 eV to a peak value of about 2.70 at 
2.77 eV while that of the sample annealed at 423 K rises 

from about 0.68 at 2 eV to about 2.59 at 2.85 eV. The 
samples annealed at 523 K and 623 K respectively had 
their absorption coefficients increased from 0.16 and  
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Figure 4. X-ray diffraction pattern of sample D1. 
 

 

Figure 5. A plot of absorbance vs. wavelength for α-Fe2O3. 
 
0.52 respectively at 2 eV to a peak value of 2.43 at about 
3.18 eV. 

Generally, the absorption coefficient for all the sam-
ples in the infra-red range is lower than 0.5 and also de-
creases with decreasing photon energy. Also, at any par-
ticular wavelength within the infra-red range, absorption 
coefficient decreases with increasing annealing tempera-
ture.  

Figure 9 shows the plot of (h)2 against photon en- 

 

Figure 6. A plot of transmittance vs. wavelength for α-Fe2O3. 
 
ergy for the ACG -Fe2O3

 thin films. As indicated in the 
figure, all the samples have direct band gap which in- 
creases with annealing temperature. The direct band gap 
of the as-prepared sample is about 2.13 eV which is with- 
in the range of 1.9 - 2.2 eV [23] earlier reported for hema- 
tite depending on its crystal state and method of prepara- 
tion. While the estimated direct band gap for the sample 
annealed at 423 K is 2.25 that of the samples annealed at 
523 K and 623 K are 2.34 and 2.50 respectively.  
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Figure 7. A plot of reflectance vs. wavelength for α-Fe2O3. 
 

 

Figure 8. A plot of absorption coefficient vs. wavelength for 
α-Fe2O3. 
 

This shows a blue shift of 0.05 eV, 0.14 eV and 0.30 
eV in direct band gap for the samples annealed at 423 K, 
523 K and 623 K respectively. 

The blue shift of about 0.30 eV for the sample an- 
nealed at 623 K makes it a suitable oxide semiconductor 
material for photocatalytic applications [24,25]. 

Figure 10 shows the plot of refractive index of ACG 
-Fe2O3 thin films against photon energy. 

The refractive index of all the samples increased with 
increasing photon energy from about 1.5 at about 1.41 
eV to a peak value of 2.31. 

 

Figure 9. A plot of (αhν) vs. wavelength for α-Fe2O3. 
 

 

Figure 10. A plot of reflective index vs. photon energy for α- 
Fe2O3 thin films. 
 

However, there is a shift in the peak position in direc- 
tion of increasing photon energy as the annealing tem- 
perature increases. While the peak position for the as- 
prepared sample occur at about 2.06 eV, that of the sam- 
ple annealed at 423 K occur at 2.15 eV. Also, the peak 
position for the samples annealed at 523 K and 623 K 
occur approximately at 2.27 eV and 2.3 eV respectively. 

The refractive index of all the samples falls rapidly 
with increasing photon energy within the visible range 
where they attain their minimum values. 

The minimum value of the refractive index for the 
samples annealed at 523 K and 623 K occur at 3.09 eV 
while that of the sample annealed at 423 K and the as- 
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prepared sample occur at 2.9 eV and 2.8 eV respec- 
tively. 

Figure 11 shows the plot of extinction coefficient 
against photon energy for all the samples under study. 
Generally the extinction coefficient of all the samples 
increases with increasing photon energy and rises to a 
peak value within the visible range. However, extinction 
coefficient decreases with increasing annealing tempera- 
ture at any particular wavelength within the infra-red and 
visible ranges. While the extinction coefficient of the as- 
prepared sample rises from 36.2 at 2 eV to a peak value 
of 98.1 at 2.66 eV, that of the sample annealed at 423 K 
rises from 32.4 at 2 eV to a peak value of 91.0 at 2.79 eV. 
Also, the extinction coefficient of the samples annealed 
at 523 K and 623 K is about 26.7 at 2 eV and rises to a 
peak value of about 81.9 at 2.97 eV. Thus, there is a shift 
and decrease in peak value in the direction of increasing 
photon energy as annealing temperature increases.  

Figure 12 shows the variation of real dielectric con- 
stant of ACG -Fe2O3 with photon energy. The dielectric 
constant of each of the samples rose sharply with in- 
creasing photon energy in the infra-red region and at- 
tained the same peak value though at different photon 
energies. The peak values shift in the direction of in- 
creasing photon energy with increasing annealing tem- 
perature. The peak value for all the samples is about 5.6. 
However, the peak value for the as-prepared sample oc- 
curred at about 2.00 eV while that of the sample annealed 
at 423 K occurred at 2.1 eV. Also, the peak value for the 
samples annealed at 523 K and 350˚C occurred at ap- 
proximately 2.21 eV. 

In the visible region, the real dielectric constant for all 
the samples decreases sharply with increasing photon 
energy and attained minimum values. The minimum 
value of real dielectric constant for the as-prepared sam- 
ple is about 0.16 and occurred at about 2.62 eV while 
that of the sample annealed at 423 K is about 0.26 and 
occurred at 2.74 eV. Also, the minimum value of the real 
dielectric constant for the samples annealed at 523 K and 
623 K is 0.42 and occurred at 3.00 eV. 

The variation of imaginary dielectric constant of the 
ACG α-Fe2O3 against photon energy is shown in Figure 
13. The imaginary dielectric constant of each of the sam- 
ples rose with increasing photon energy in the infra-red 
region and attained peak value in the visible range. 

There is a general shift and decrease in peak value of 
the imaginary constant in the direction of increasing 
photon energy with increasing annealing temperature.  

While the peak value of the as-prepared sample is 
about 230 at about 2.13 eV, the peak value of the sample 
annealed at 423 K is about 222 at about 2.25 eV. 

Also, the peak values for the samples annealed at  

 

Figure 11. A plot of extinction coefficient vs. photon energy 
for α-Fe2O3 thin films. 
 

 

Figure 12. A plot of real dielectric constant vs. photon ener- 
gy for α-Fe2O3 thin films. 
 
523 K and 623 K are about 210 and 208 respectively at 
about 2.40 eV and 2.44 eV respectively. 

The imaginary dielectric constant of each of the sam- 
ples decreased to a minimum value from its peak value 
with increasing photon energy. There is a general shift 
and an increase in the minimum value in the direction of 
increasing photon energy with increasing annealing tem-
perature. While the minimum value for the as-prepared 
sample is about 64 at about 2.81 eV, the minimum value 
for the sample annealed at 423 K is about 85 at about 
2.95 eV. 
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Figure 13. A plot of imaginary dielectric constant vs. photon 
energy for α-Fe2O3 thin films. 
 

 

D1 200x D2 200x 

D4 D5 200x  

Figure 14. α-Fe2O3 photomicographs. 
 

Also, the minimum value for the samples annealed at 
523 K and 623 K is about 85 at about 3.14 eV. 

The photomicrographs of each of the samples with a 
magnification of X200 are as shown in Figure 14. The 
samples show smooth surfaces with some cracks. 

4. Conclusion 

Thin films of α-Fe2O3 successfully deposited on glass 
substrates using the Aqueous chemical growth method 

from a solution of 0.1 M Fe(NO3)39H2O, 1 M NaNO3, 
50 ml of H2O and five drops of HCl at 90˚C were an- 
nealed at different temperatures to determine its effect on 
the solid state and optical properties. The annealed films 
were found to have a decrease in the absorbance and ab- 
sorption coefficient increase the direct band gap and re- 
fractive index in the visible range as the annealing tem- 
perature increases. Also a high infra red transmittance as 
well as a general shift and decrease in peak value of the 
absorption coefficient, refractive index, reflectance, ex- 
tinction coefficient, real and imaginary dielectric con- 
stants were observed. It was found that α-Fe2O3 thin 
films annealed at 632 K are suitable materials photo 
catalytic applications as well for the construction of 
poultry houses, including other optoelectronic applica- 
tion. 
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