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Original Research Abstract:

Our research attempts to investigate how doping affects the characteristics of thin iron oxide

1{66(;311::3.02 4 (Fe,03) layers doped with various concentrations of aluminum (Al). The structure, morphology,
Revised: and optical characteristics of the films were examined and evaluated in function to the Al doping
3 September 2024 level; “1%, 3%, 5%, and 7%, respectively”. As indicated by several characterizations, Fe;O3
Accepted: formation was confirmed as rhombohedral crystal system by X-ray diffraction, showing strong
27 September 2024 preferential orientation in one plane (104). Every peak observed in the un doped samples shows a
Published online: continuous, slight shift towards lower values of < 26 > with increasing aluminum “Al” doping
30 October 2024 levels. According to “AFM” data, as the doping ratio increases, the “grain size”, “roughness

rate”, and “root mean square” all increase. The UV spectrum was analyzed to detect the optical
© The Author(s) 2024 properties. Al-doped Fe, O3 thin films exhibited lower optical absorption than pure film. On the

other hand, the bandgap decreased in the range of (2.31 —2.2) eV with increasing Al content. As
well as an increase in aluminum concentration is accompanied by increases in the “coefficient of
absorption and extinction, refraction index”.
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1. Introduction [5]. Although iron oxide is a versatile choice for various
applications due to its beneficial properties, however, pure
iron oxide thin films have drawbacks such as poor optical
properties and limited electrical conductivity [6]. Due to
this, researchers are now investigating changes to improve
these materials’ functionality. Integration of aluminum (Al)
into the Fe3O4 matrix is a potentially effective strategy to
address the drawbacks of iron oxide thin films [7]. It is
anticipated that doping iron oxide films with aluminum may
change their electrical, optical, and structural characteris-
tics, possibly improving their performance in a variety of
applications. In other hand, the introduction of Al into the
Fe,O3 lattice can induce strain, create defects, and alter
the electronic structure, leading to changes in conductiv-
ity, band gap energy, and optical absorption characteristics
[8, 9]. The effects of Al adding on Fe,Oj3 films’ optical char-
acteristics, particularly the absorption spectrum and band
gap energy, have been reported with considerable variability.
This inconsistency calls for comprehensive optical studies
using standardized methodologies to accurately determine

Transition metal oxides have unique properties that enable
them to have applications, such as; biomedical, photonic
devices, magnetic storage, and spintronic. On the other
hand, the synthesis of transition metal oxides is difficult
since they have different stoichiometric conformations [1].
Because of its excellent chemical and thermal stability, iron
oxide is one of the more promising transition oxides of
metals [2]. Iron oxide thin layer (Fe;O3) is considered to
be one of the most efficient semiconductor materials. With
significant technical potential for use in a variety of fields,
Fe,Os3 is a nontoxic, ecologically benign molecule with
great electrochemical stability in addition to its good selec-
tivity and sensitivity [3]. Iron oxide Fe,O3 has been shown
to have significant third-order nonlinear optical susceptibil-
ity and a rapid reaction time, indicating its possible use in
optical computing [4]. Fe,Os3 is an excellent oxide mate-
rial that absorbs visible light and can absorb up to 46% of
solar spectrum energy with an optical bandgap of 2.2 eV
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the effects of doping. The impact of surface morphology,
affected by Al doping, on the overall performance of Fe,O3
thin films has not been thoroughly investigated. Correlating
Atomic Force Microscopy (AFM) studies with optical and
electronic properties could offer important insights into the
functional effects of surface roughness and texture [10, 11].
The properties of optical of the material must be understood
for photosensitive applications; the absorption coefficient
(k), band-gap “Eg”, refractive index (), and absorption
coefficient (), are some of these properties. The prepara-
tion parameters and models used to extract optical constants
from the obtained data have an impact on the properties
of optical of the thin layer. It is desirable to specify these
properties with respect to the wavelength of light (or pho-
ton energy) [12]. Fe;Os3 can be prepared using diverse
techniques [13—18]. The Spray Pyrolysis approach has nu-
merous advantages over other techniques, including; the
fact that it doesn’t require particular preparations before
use, little cost, wide coverage, and tiny turnaround time
[19]. The conditions for preparing Fe,Oj3 thin layers by
the spray pyrolysis procedure often have a significant effect
on the properties of these thin layers. Hence, a systematic
investigation of the Physical features; (structural, optical,
etc.) of Fe,O3 thin layers is required [20]. Thin layers
are essential to current technology for a wide range of ap-
plications. Thin film technology is the cornerstone of the
amazing advances in solid state devices. The great interest
in the science and technology of thin film research has been
fueled by the practicality of metal film optical character-
istics as well as scientific curiosity about the behavior of
two-dimensional solids [14]. Both scientific curiosity about
the behavior of 2D solids and the practical application of
metallic film optical characteristics have generated a signifi-
cant deal of interest in the science and technology of thin
film research [4]. Our research, a comprehensive investiga-
tion into synthesis, optical characterization, and structural
analysis of Fe,O3 thin layers. Theses layers were doped
with aluminum at concentrations varying from 1% — 7%
and were meticulously prepared utilizing the spray pyrol-
ysis. The study delved into the intricate alterations in the
morphology, structure, and optical characteristics of iron
nanoparticles to gain a nuanced understanding of material’s
behavior.

2. Experimental al details

2.1 Methods and materials

Spray pyrolysis works on the basis of the pyrolytic break-
down of the salts of the material that is to be deposited. Its
primary components are an airtight fiber chamber, a hot
plate, a liquid level monitor, a rotor for the spray nozzle,
and a gas regulator value. Air was used as gas carrier, and
the Spraying flow rate has been adjusted to approximately
3 milliliters per minute. The schematic diagram for the
homemade spray pyrolysis system is displayed in Figure 1.
A glass substrate is sprayed with an aqueous solution of
0.1 M Fe(NO3)3-9H,0 to deposit the Fe, O3 thin layer. The
glass substrates with transmittance of 90% were utilized
and cut into 5 cm X 1 cm pieces. Prior to deposition, the
glass substrates were cleaned in an ultrasonic bath with
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deionized acetone for 10 minutes, followed by ethanol for
10 minutes, and finally with deionized water for 10 minutes.
Substrates were then dried by blowing air and wiped with
optical soft tissue before using for film deposition. In order
to attain the best possible uniformity of the film and efficient
heat transfer, a spotless glass slide is placed on a smooth,
even surface that acts as a thermal conductor. To ensure
proper adhesion and film quality, heat the substrates to the
appropriate deposition temperature, typically 400 °C. The
distance from the nozzle to the glass substrate was around
20 cm. Using the weighing method, the thickness of the
layer was determined to be around 250 nm.

2.2 Preparation of precursor solution

2.02 gm of iron dichloride FeCl3.6H,0 (100% purity) were
dissolved in 50 mL of methyl alcohol to prepare a pure
solution. The resulting solution was yellow-orange in color.
The solution concentrations used varied from 0.1 to 0.15
M. For doped iron oxide solution at different concentration;
Add 0.056, 0.168, 0.280, and 0.392 g of Aluminum chloride
(Al;CI(OH)s) to the iron chloride solution to achieve 1%,
3%, 5%, 7% molar respectively doping. With the spray
nozzle, atomize the precursor solution. The air carrier gas
aids in transporting the tiny droplets to the heated substrate.
Iron oxide thin films are formed when the precursor droplets
undergo pyrolytic decomposition upon contact with the
heated substrate. The solvent evaporates, leaving behind
a solid film. Improve the crystallinity and film qualities
by annealing the deposited films for 1.5 hour at 400 °C in
oxygen.

2.3 Characterization techniques

Characterization of the prepared thin layers was performed
using XRD diffraction, UV-Vis spectroscopy, and atomic
force microscopy. The crystalline structures and phase
formation of the thin films were carried out using X-Ray
diffraction “XRD, with Shimadzu X-ray diffraction ana-
lyzer with a Cu Ko source (1.54 A) at 40 Kv and 30 mA”.
The X-rd. patterns were investigated for prepared sam-
ples that located onto glass substrate and analyzed from
“30° — 80°” of 2. To study the optical properties of pre-
pared thin films, the optical performance spectra in the
wave-length range of (400 — 900) nm were investigated with
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Figure 1. The scheme of the CSP setup.
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“a UV /VIS-Spectroscopy double beam spectrophotometer
(Visible1900) built by (Sgimadzu, Japanese Co.)”. Atomic
Force Microscopy (AFM) is a microscopy technique used
to describe topography, morphology, the surface texture,
roughness, and particle -size distribution of nanoparticles.
The instrument is utilized for type (AA3000 Scanning Probe
Microscope SPM, tip NSC35/AIBS) inspection.

3. Results and discussion

3.1 Properties of structural

XR- diffraction patterns of Fe,O3 thin layers doped-Al,
and undoped with varying Al ratios are shown in Figure 2.
The XRD patterns exhibit peaks centered at 20: values of
24.185°, 33.176°, 35.72°,49.51° and 54.036° conforming
to the (012), (104), (110), (024) and (116) lattice planes re-
spectively. The polycrystalline nature of all the samples and
their rhombohedral Fe,; O3 phase structure, with (104) being
the preferred orientation are consistent with other research
findings [21]. There were no secondary phases found that
matched other metal oxides. Also the finding indicates that
the increasing the Al concentration to 3% led to an initial
rise in the intensity of the (104) peak. It is also significant to
observe that, even while orientation (104) is still preferred,
there was a propensity for crystallites to grow along the
(110) plane once Al atoms were added. All detected peaks
in the undoped samples shift slightly to lower 26 values
with increasing concentrations of Al doping as illustrated in
Figure 2 for the doped samples. Furthermore, the XRD data
demonstrated that as the Al content varies, the average crys-
tallite size changes. The diffraction data matches the JCPDS
(JCPDS NO. 89-8104) standard for Fe,O3, helping us iden-
tify the different peaks in our samples. Table 1 displays the
structural parameters calculated from the diffraction peaks
(104), (110), (024), and (116), which align with the JCPDS
standard. The average crystallite size “D” of the synthetic
samples was considered by the equation D-scherrer [22]:

KA
~ BcosH

ey

where D denotes the crystallite size, A is the wave length of
X-ray which used, “K” is the shape factor, “” is the Half
Maximum of Full Width of the peak diffraction and “8” is
the Bragg diffraction angle. Table 1 illustrates how the size
of crystallite rose from 18.26 to 30.8 nm as the aluminum
percentage increased. The important variation in size of
crystallite is due to an increase in the amount of reaction
between the Fe,O3 and Al. The average atom mobility and
diffusion length rise with increasing Al content, and Al is
therefore predicted to be readily trapped by Fe,O3. As a
result, the fusion phase will not be kinetically restricted,
and the final size of the crystal grains will grow. When the
particles reach the substrate, they experience more collisions
[21].

The following relationships established the parameters of
the Fe, O3 thin layers, including the dislocation density (8),
micro-strain (€), and stacking fault (SF) [22];

SZE (2)
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Figure 2. XR diffraction patterns of Fe,Os3 thin layers with
varying compositions that are un-doped and Al-doped.
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Table 2. Evaluation the dislocation density (&) and micro-
strain (€), which are measures of defects in the films, based
on Equations (2), (3) and (4) respectively by employing
compounds of (Fe,O3: Al) at (1, 3, 5, and 7%) concentra-
tions. The number of defects in a crystal is indicated by the
dislocation density. As seen in Table 2, the values of micro-
strain and the dislocation density increase with increasing
aluminum content in the films, where the micro-strain de-
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pends directly on the lattice constant. Growing aluminum
concentration in the thin layers led to a rise in the number
of crystallites per unit surface area.

The Williamson-Hall method (WH) is a simple way to dis-
tinguish between the contributions of lattice strain and crys-
tallite size to peak broadening in (XRD) patterns. This
analysis makes the assumption that the line broadening is
caused by the crystallite size (D) and lattice strain (€). The

Table 1. Structural parameters of Fe;O3-doped Al films with different doping (1, 3, 5 and 7%).

Sample | (20)° | dug (A) | (hkl) | I (aru) | T.(hkl) | ao (A) | Co (A) | D (nm) W-Hall | D (nm) Scherer

24.125 | 3.686 | 012 25

33.114 | 2.703 | 104 100
F6203

35.611 | 2519 | 110 50 5.035 | 13.748
(ASTM) | 49.416 | 1.842 | 024 40

54.003 | 1.696 | 116 60

24.185 | 3.677 | 012 44 0.7

33.176 | 2.69 104 100 1.23
F6203

3572 | 2511 | 110 88 123 | 5.023 | 13.701 19.8 18.26
pure | 49.516 | 1.839 | 024 58 1.015

54.036 | 1.695 | 116 70 0.817

24.198 | 3.675 | 012 70 0.73

33213 | 2.695 | 104 100 2.07
F6203:

3571 | 2512 | 110 60 0.88 | 5.024 | 13.731 21.66 20.4
1% Al | 49.653 | 1.834 | 0240 40 0.74

54.05 1.69 116 46 0.573

24212 | 3.672 | 012 40 0.86

33241 | 2.693 | 104 100 1.38
Fe;03:

35705 | 2512 | 110 40 0.69 | 5.025 | 13.713 21 21.6
3% Al | 49.61 1.836 | 024 56 1.2

5409 | 1.694 | 116 60 0.86

2417 | 3.679 | 012 43 0.835

33231 | 2.693 | 104 100 1.436
F62032

3568 | 2514 | 110 45 0.751 | 5.028 | 13.708 23.1 22.74
5% Al | 49.62 1.83 024 56 1.17

54.05 | 1.695 | 116 58 0.81

24351 | 3.652 | 012 90 0.625

33.341 | 2.685 | 104 100 2.25
F€203:

35.743 | 2510 | 110 80 1 5.02 | 13.691 355 30.82
7% Al | 49.54 | 1.838 | 024 40 0.625

5408 | 1.694 | 116 48 0.5
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following equation can be used to express the WH technique
[23].

Brxicos 8 = % +4€sin 0 5)
The practical application of the WH plotting involves the
construction of plotting < By cos 6 > against < 4sin6 >.
When the sample shows a homogenous distribution for the
lattice strain and crystallite size, the “WH” plot displays a
straight line. The fitting of the values was linear. The point
where the line intercepts the y-axis equals size of crystal-
lite and the lattice strain from the slope of x-axis. Figure 3
shows the graph plotted by WH analysis. From Equation (5),
it is evident that the diffraction peak’s broadening affects
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the size of the crystallite (D). As the size of the crystallite
decreases, the broadening increases, which also affects the
lattice strain (fBstrain). Fig. 3 illustrates how the crystallite
size and micro-strain depend on the amount of Al. The
crystallite size for the undoped Fe, O3 sample, as shown in
Table 1, is estimated to be approximately 19.8 nm based
on W-Hall plots, and it grew dramatically to approximately
35.5 nm at 7% AL, moreover, the resulting sample exhibits
the lowest micro-strain and dislocation density as shown
in Table 2. This improvement of crystallite size is proba-
bly result of less of lattice imperfections in the film, such
as micro-strain and fraction of grain boundaries [24]. The
average crystal size was calculated on the diffraction peaks
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Figure 3. Williamson Hall plots of Al-doped Fe;O3 nanostructured with diverse Al substances.
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(104), (110), (024), and (116) using the Scherer equation.
The average crystal size was then compared to the W-Hall
diagram results, which demonstrated a clear convergence
in the crystal size values and an increase in the size of the
crystals.

The preferred direction of crystallization, which usually
develops in a material due to an increased tendency for
crystallization to proceed in a certain direction, is the most
suitable direction in the texture of that material 7c. When
the texture coefficient is one, then the crystallization occurs
randomly within the sample. However if Tc(hkl), the sam-
ple will crystallize in a certain (hkl) direction [25]. The
number of oriented crystals increases periodically as the
texture coefficient value rises. The following formula [26]
is used to estimate the texture coefficient value “7'¢”;

[1(1k1) /1o (k)

Tc(hkl) = [Nr—TSI(hk)/Io(hk1)]

(6)

where, P(hkl) is the coefficient of texture from the plane
specified by Miller-Indices (hkl), I : is the intensity of the
(hkl) plane from X-ray diffraction (XRD), Iy is the standard
intensity for the (hkl) plane from a reference material with
random orientation, N,: the reflection number. Table 2 lists
the estimated values of T'c for the four significant diffrac-
tion peaks (110), (116), (024), and (104). When the texture
coefficient increases or decreases from unity “it signifies
a greater or lesser degree of preferred orientation along a
particular film plane in comparison to pure Fe,O3”. Thus,
as comparison to ideal values, a higher (lower) texture co-
efficient value really correlates to an increase (reduction)
in planar density along a specific crystal plane. Hence, the
texture analysis shows that pure Fe,O3 has a high degree of
texture, with the highest intensity (/) along the (104) plane.
with the substitution of Al in Fe; O3, the texture coefficient
of (104) plane increases remarkably with concomitant de-
crease in (110) planar density in case of 1% wt W-doped
thin films. The same changes are observed for 3, 5 and 7%
wt. Al doped samples i.e. coefficients of texture of (104) is
slightly higher than (110) plane and both are near unity.

3.2 Morphological properties

The thin film surface morphology of the prepared samples
was revealed via AFM analysis, understanding how atoms
are distributed and arranged on surfaces, as well as the dif-

Abd Al-Kader & Roomy

Fe203 pure—.

Fe203:Al 1%.="

Fe203:A13%" -

Fe203:A15%="",

Fe203:Al7%" e

Figure 4. AFM information.

ferences, isotropy, or features related to each individual
atom, is important for studying film surfaces. Figure 4
displays 3D representations of pure Fe,O3 and Al:Fe,O3
thin layers over an area (900 nm x 900 nm) using AFM
images. The growth distribution of granular particles on
the surface of the deposited films is shown in the figure.
Each layer shows the presence of grains, confirming the
poly-crystalline nature of the developed thin layers. The
images confirm that the Fe,O3 films have a smooth surface
morphology that decreases with increasing aluminum dop-
ing, i.e, the growing of small grains with rising Al% leads
to an increase in roughness and root mean square layers,
with more doping it showed a homogeneous and consis-
tent texture. An increase in aluminum doping leads to the
growth of crystallites and film thickness, resulting in an
increase in surface roughness from 3.12 nm to 16.75 nm, as
shown in Table 3. Consequently, the band gap narrowing is

Table 2. Micro-strain (€) and the dislocation density (&) for pure Fe,O3 and Fe,O3: Al thin films for preferred orientation

(104).
Sample 20° ) Micro x1073  Strain x1073 § (nm)~2  Stacking fault
Strain (Scherer) W-Hall x1073 x1073
Fe, O3 pure 33.176  2.698 2.731 1.6 6.747 5.284 104
Fe,03: 1% Al 33.213  2.695 2.348 1.6 4.987 4.54 104
Fe>03: 3% Al 33.241  2.693 1.773 1.8 2.844 3.427 104
Fe>03: 5% Al 33.231 2.694 1.701 2 2.618 3.288 104
Fe,03: 7% Al 33.341 2.6857 1.078 0.75 1.052 2.08 104
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caused by the existence of aluminum ions, which coincide
with oxygen forming its own oxide AlO. These are crys-
tal defects that are associated with rising Urbache energy.
The reduction in size of crystallite was detected due to the
existence aluminum oxide in the tin films. Doping allows
for the adjustment of optical parameters; the absorptivity
of Al-doped Fe,O3 films is also enhanced due to increased
aluminum doping. However, the increase in surface rough-
ness causes the extinction coefficient of the film to become
larger. The “grain size, surface roughness, and root mean
square (RMS)” of all thin layers are listed in Table 3. These
results are aligning with the XRD data [27].

Using a “UV-Vis-NIR” spectrophotometer, the impact of
Al-doping on the characteristics of optical of the Fe,O3 thin
layers was measured at wavelengths between 300 and 900
nm. The absorbance, reflectance and transmittance spectra
of un-doped and Al-doped Fe,Os thin films (1, 3, 5 and 7
at%) are presented in Figure 5. Figure 5 (A) shows that all of
the thin layers exhibit substantial absorption at wavelengths
a lesser of 450 nm, due to interactions that occur between
the incident photon and the material at short wavelengths,
leading to increased absorption. Then, the absorbance de-
clines as the wave-length rises. This is explained by the fact
that incident photons of high wavelengths will transmit in-
stead of interact with atoms due to insufficient energy [28].
Additionally, the increase in absorption is clearly correlated
with the increase in the aluminum ratio, this confirms the
entry of aluminum atoms into the crystal structure of the
produced thin layer. Figure 5 (A) illustrates that aluminum
doped Fe, O3 exhibits slight absorption in the visible spec-
trum and no absorption in the infrared. Absolutely, as the
Al doping concentration increases, there’s a potential for
the absorption edge to shift to longer wave lengths (red
shift). This shift is the result of dopant atoms causing mod-
ifications to the material’s electrical structure. Increased
doping concentrations have the potential to change the band
structure, which would cause the absorption edge to shift to
lower energy levels and extend into the infrared spectrum.
This phenomenon is frequently seen in doped materials,
and it has a big impact on their electrical and optical char-
acteristics. Equation (7) is used to compute the optical
transmittance of Fe,;O3 thin layers deposited with varying
amounts of aluminum [29];

T — 23034 %
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Figure 5 (B) displays the spectra transmittance of the
aluminum-doped and pure Fe,O3 thin layers. The spec-
tra have the same overall shape and are divided into two
regions. In the strong transmittance region, which corre-
sponds to significant absorption (4 < 500 nm), the trans-
mittance begins to cancel out at wavelength lower than 500
nm. In contrast, the transmittance declines as the proportion
of aluminum rises. This phenomenon might result from a
decrease in surface roughness. Which decreases the quan-
tity of light scattered on the surface Figure 5 (C) shows
the reflectance spectra for the pure and aluminum-doped
Fe; O3 thin films. The plane showed a sharp diminution
in reflectance at wave-lengths less than 450 nm, while it
regularly decreased at wavelengths greater than 450 nm.
In addition, the reflectance increased with decreasing alu-
minum doping. The coefficient of absorption “a” for doped
and pure Fe,O3 thin layers’ deposition with diverse con-
centrations of aluminum was computed using the following
formula [30].

o 2.303 x A @)
t

where: A is the optical absorption and ¢ is the thickness of
the thin layers.

The absorption coefficient in Figure 5 (D) shows great val-
ues o > 10* cm™! showing a strong possibility of a direct
transition [27], and then o rises with increasing wave-length.
The (&) increases as the aluminum concentration rises. This
is because when the doping ratio increases, the energy gap
contracts. We observe that the films have poor ultraviolet
transparency and high transparency in the visible area. With
an absorption edge ranging from 380 nm to 420 nm, contin-
gent upon the deposition settings, the transmittance exceeds
60%. The fringes of interference of the transmittance spec-
tra confirmed the smooth, highly reflective surface of the
thin layers, devoid of any match scattering or absorption
loss. The Burstein-Moss effect is primarily responsible for
the blue shift, a slight change in the absorption edges of
doped Fe, O3 toward shorter wavelengths [31]. Equation (9)
can be used to obtain the “n” for doped and pure Fe,O3
layers deposition with varying concentrations of aluminum

[32].
_ Jar—k2 (R-1)
"V ®R-12T R+ ©)

Table 3. Surface topography of the intended films.

Sample Average diameter (nm) Surface roughness (nm) RMS (nm)
Fe, O3 pure 76.71 3.12 471
Fe,03: 1% Al 88.32 6.85 10.51
Fe,03: 3% Al 112.37 10.88 13.89
Fe,03: 5% Al 123.63 16.57 21.82
Fe,03: 7% Al 131.42 20.48 26.61
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where: R is the reflectance which can be determined by: where: (k) is the coefficient of extinction. Figure 5 (F) illus-
trates how the refractive index varies with wave-length for
both doped and pure Fe, O3 thin layers at various aluminum
(n—1)2 concentration in the 270 — 900 nm range. The figure below

R= —( nt 1)2 (10)  shows that as the aluminum concentration increases, the
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refractive index (n) decreases. This behavior can be under-
stood in terms of how increases the aluminum concentration
causes the prepared samples to become minus dense (re-
ducing the density of packing) and to undergo a variation
in structure of crystalline. This in turn rises the velocity of
light propagation through the sample, which decreases the
(n) values. The (k) is the imaginary portion of the complex
refraction index N. Equation (9) may be used to compute
the (k) for both doped and pure Fe,O3 thin layers deposited
with varying concentrations of aluminum [29].

oA
k= in (11
Figure 5 (E) illustrates the correlation between the wave-
length and extinction coefficient of the doped and pure
Fe, O3 thin layers that were deposited. For all the prepared
samples, it is generally evident that the (k) declines as the
wave-length (1) increases, while, the (k) increases as the
aluminum doping ratio increases. The coefficient of extinc-
tion exhibits behavior comparable to that of the coefficient
of absorption. This is explained by the same cause as be-
fore. As the aluminum content increases, the absorbance
decreases, thereby reducing the optical energy gap. Fig-
ures 5 (G), 5 (H) displays the dielectric constant s real and
imaginary parts (€, and &) versus wave-length in the range
of (270 — 900) nm for the doped and pure Fe,Os thin layers.
The behaviors of (&) is comparable to that of the (n) since
(k) has a lower value than (n), while the (k) values mostly
determine (&;). When the ratio of aluminum increases, (&)
and (&) decrease. It can be observed that the real part has a
higher value than the imagined part. As seen from the above,
an increase in the doping concentration causes the localized
state to reorganize, which decreases the conductivity of the
film while increasing the fixed real isolation [33].
Due to the exceptional importance of the optical band-
gap and the energy values of the materials under study,
there have been numerous attempts to analyze and calcu-
late the energy required for the electronic transition from
the valence-band level to the conduction-band level. Based
on the following experimental relationship, these models
and assumptions are based on the value of the absorption
coefficient &, which appears as an exponential function of
the photon energy near the band edge in the semiconductor
[34]:

ahv = B(hv —E,; ) (12)
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where f3 is a constant named the band tailing parameter,
E,p is the energy of the optical bandgap, then, y is the
power factor of the transition mode which depends on the
type of the material. If it is direct or indirect, allowed or
forbidden. The energy of band-gap is determined from the
graph of photon energy iV vs.(ahv)'/Y. As shown in Fig-
ure 6. The optical energy-gap values “E,,” for the doped
and pure and Fe,O3 thin layers were obtained by graphing
(ahv)? as a function of (hv). By extending the curve s
straight line and intersecting it with the x-axis, the energy
gap of the resulting thin layers can be determined. Fig. 6
displays that the energy gap of pure Fe,O3 is 2.31 eV, which
decides with the outcome shown in reference [35]. Intro-
ducing a small amount of aluminum into iron oxide will
slightly modify the electronic structure. Aluminum atoms
can replace some of the iron atoms in the lattice, introducing
additional states in the band-gap. This often leads to a slight
reduction in the band-gap due to the creation of impurity
states. With more Aluminum atoms, the impurity states
increase, further narrowing the band-gap. The band-gap re-
duction becomes more noticeable. As the concentration of
aluminum increases, the density of states inside the optical
gap increases, leading to an increase from the secondary
levels and a contraction of the tail region. This narrowing
of the optical energy-gap contributes to a decrease in the
energy gap and ultimately increases the electronic transfer,
the material’s overall electronic properties are significantly
altered. Table 4 displays the energy-gap values of the fabri-
cated thin layers.

When impurities are added to a semiconductor, the band gap
will frequently exhibit band tailing. Phonon interactions
and the existence of a tail absorption profile that coincides
with the empirical Urbach law [36]:

h
o =Inog-+ -~ (13)
Ey
da -1
Ey=o — 14
v “(d(hv)) (1

where a(hv) represents the experimentally deduced optical
absorption profile and o is a constant the Ey; refers for the
states’ band tail width in the prohibited band. The reciprocal
values of the slopes of the linear portion of the plots of In()
versus “hv” are used to calculate the Ey values. As shown
in Fig. 7. The energy connected to the microstructural lattice
disorder suggests that the addition of aluminum reduces the

Table 4. Values of energy gap and Urbach energy for pure and doped Fe;Oj3 thin films.

Sample Energy gap (eV) of allowed direct transition ~ Urbach energy (meV)
Fe, O3 pure 2.31 553
Fe;03: 1% Al 2.27 676
Fe;03: 3% Al 2.22 713
Fe;03: 5% Al 2.2 784
Fe,03: 7% Al 2.23 827
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o content of defects and disorder in the Fe,O3 thin film.
The energy gaps of the allowed direct-transition (Eg) and
Urbach energy (Ey ) are presented in Table 4.

4. Conclusion

Thin layers of nanostructured pure Fe;O3 and Al: Fe,O3
thin layers were deposited by the CSP technique on a glass
substrate. From results of (XRD), revealed that all the
thin layers were crystallized in a rhombohedral structure
with (104) as the favored plane orientation with an almost
constant slight shift toward larger angles when the doping
rate increased. The (AFM) images show that the average
surface roughness and root mean square (RMS) of the
thin layers increase with in increasing Al concentration,
and the crystallite size increases with increasing doping
concentration from 12.17 —30.8 nm. These outcomes
agree with the XRD results. The optical characteristics
demonstrate that the band gap decreasing Al concertation
and the band-gap diverse from 2.61 to 2.41 eV for the
direct-transition. This could lead to a decrease in the energy
gap by raising the density of localized permitted states in
the energy band gap close to the conduction band. The
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addition of aluminum raises the carrier concentration,
which shifts the Fermi level and prevents some of the higher
states. Furthermore, the outcomes show that the optical
transmittance 7T increases as the doping concentration
rises, and the lowering of optical constants with increasing
dopant ratio, such as the extinction coefficient K index of
reflection n and dielectric constants.
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