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Using Chemical Bath Deposition (CBD) Method and various substrate temperatures, 
Fe2O3 films were successfully deposited. The produced film thickness was around (320 
nm). Using X-ray diffraction, researchers may examine the polycrystalline structure of 
Fe2O3 thin films. These nanofilms contain strong peaks at 2θ =32.21, suggesting a 
preferred orientation along the (110) plane, and the grain size increases with substrate 
temperature, according to XRD tests. When the base temperature was raised from 350 to 
450 oC, the strain parameter decreased from 31.35 to 28.43. AFM testing of the surface 
morphology of the deposition of material yields excellent homogenous coatings. The 
findings show that the average particle size of the nanoparticles ranges from (69.8 to 32.7) 
nm. SEM images show Fe2O3 films at (350, 400, 450) °C. Increased temperature reduces 
grain size, influencing morphology variations. The absorbance increases with substrate 
temperatures and decreases rapidly at short wavelengths, which correspond to the energy 
gap. The transmittance increases with increasing wavelength range. It decreases with 
rising substrate temperatures. The band gap values vary from 2.17 eV to 2.06 eV by 
increasing the substrate temperatures from 350 to 450 oC. It was discovered that the band 
gap reduces as the temperature of the Fe2O3 substrate increases. In addition, the optical 
constants for all films, including the absorption coefficient, the refractive index, and the 
extinction coefficient, were computed. Fe2O3 film's resistance over time at 350, 400, and 
450°C for 300 ppm NO2 demonstrates oxidation effect and temperature sensitivity. 
Sensitivity decreases with higher base temperature due to charge carrier recombination, 
affecting NO2 response. 
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1. Introduction 
 
Up to 15 different iron oxide phases may be created using Fe and O [1]. These oxides, 

which can be produced as pure or mixed oxides, are widely distributed throughout the planet's 
crust. Iron oxide thin films have recently gained a lot of attention due to their intriguing magnetic 
properties. [2]. With a band gap of roughly (2-2.2) eV, hematite (-Fe2O3) is a substance that can 
absorb about 40% of solar energy through its visible area [3]. Iron oxide films have many different 
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uses. They are suitable for gas sensors due to their high refractive index and broad bandgap [4, 5]. 
As a photoanode, iron oxide is recognized to exhibit intriguing characteristics [6, 7]. Moreover, 
thin sheets of iron oxide have been shown to have greater photo energy conversion efficiencies 
than commonly employed electrodes [8]. Hematite (Fe2O3), maghemite (Fe2O3), and magnetite are 
the most prevalent oxides (Fe3O4). They have various chemical, electro-optical, electrical, and 
magnetic characteristics. Hematite and maghemite are two of these three prevalent iron oxides 
used in gas sensors. For its parasitic or canted magnetic feature, hematite is widely recognized. 
Red pigments include it. [9, 10]; and has been tested as an electrode in photoelectrochemical 
(PEC) cells for energy conversion [11, 12]. High-density magnetic recording systems employ 
maghemite (-Fe2O3) [13]. Several types of magnetite (Fe3O4) are widely known for their giant 
magnetoresistance. Iron oxide nanoparticles in various phases are currently being studied. [14]. 
Many studies have been conducted on the shape, structure, and characteristics of -Fe2O3 particles 
[15–16]. Several fabrication methods, including sol–gel [17, 18] and PLD [19], have been 
employed to create iron oxide thin films. spray pyrolysis [20], RF magnetron sputtering [21], 
thermal evaporation technique [22], and CBD [23]. CBD makes it possible to prepare inexpensive 
coatings of iron oxide thin films for both small and big surfaces. This work investigates the impact 
of substrate temperatures on the optical characteristics of produced Fe2O3 films. Fe2O3 film's 
resistance over time at 350, 400, and 450°C for 300 ppm NO2 demonstrates oxidation effect and 
temperature sensitivity. 

 
 
2. Experimental 
 
CBD-covered glass substrates with iron oxide thin films. Iron chloride II was the source of 

iron, urea served as a complexing agent, and distilled water served as the solvent. Before 
deposition, the glass bases were carefully cleaned with commercial detergent and washed with 
distilled water. The bases were cleaned and then soaked in a chromic mixture overnight before 
being rinsed one more with distilled water. To create a 1.0 M solution of ferrous chloride, the 
necessary amount of FeCl2.4H2O was dissolved in distilled water in a 100 ml beaker. The 
substrates were hung vertically and submerged in the solution. After the deposition procedure, the 
films were annealed in an oven for four hours at 350, 450, and 500 °C. According to gravimetric 
measurements, the produced films had a thickness of around 320±20 nm. XRD patterns were 
employed to examine the structural characteristics of the films. AFM was used to investigate the 
films' surface morphology. SEM images were obtained using field emission scanning electron 
microscopy (JEOL JSM-7800F). The transmittance measurements were made using a Shimadzu 
spectrophotometer.  
Fe2O3 thin films of different thicknesses (250, 300, and 350 nm) were used to construct the gas 
sensor with aluminum electrodes. Gas sensitivity was evaluated by measuring resistance 
percentage change within a cylindrical chamber (radius: 10 cm, height: 18 cm). 

 
 
3. Results and discussions 
 
Figure 1 illustrates the XRD patterns of a thin layer of Fe2O3 created using the Chemical 

Bath Deposition (CVD) technique at various substrate temperatures, with sharp peaks at 2θ equal 
to 33.21°, 35.73°, 49.46°, and 62.52°, respectively. These temperatures correspond to the (104), 
(110), (042), which is consistent with the results of the standard Fe2O3 X-ray diffraction data file 
(ICDD No. 01-089-8104). From XRD studies, it is evident that peak intensity depends on substrate 
temperature and suggests that the deposited Fe2O3 films are crystalline, consistent with what has 
been reported in the literature. [24,25]. More atoms can reach the substrate due to (214) planes. 
Additionally, this figure shows that the preferential orientation is in the direction of (110), with 
variations in substrate temperature resulting in thicker thin films. In a typical thin film growth 
process, new crystallite production and grain enlargement of previously nucleated grains co-occur 
under the control of deposition temperature. As seen in Fig. 1, the diffraction intensities would rise 
if the growth of already nucleated grains surpassed the rate at which new crystallites formed. Due 
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to the creation of new, smaller grains on the surface of bigger grains, the FWHM dropped as dwell 
duration increased. [26, 27]. 

The average grain size was calculated from the Scherrer formula [28] 
 

𝐷𝐷 =
0.9 𝜆𝜆
𝛽𝛽𝛽𝛽𝛽𝛽𝛽𝛽𝛽𝛽

                                                                                         (1) 

 
where λ is the wavelength of X-ray, θ is Bragg angle, and β is FWHM. As the substrate 
temperature increased, the full width at half maximum (FWHM) of the peaks decreased, indicating 
a higher degree of crystallinity. This inverse relationship between FWHM and crystallinity 
confirms that elevated substrate temperatures promote crystallinity. Specifically, when the base 
temperature was raised from 350 to 450°C, the grain size fluctuated between 11.05 and 12.19 nm 
[29, 30]. This suggests that higher temperatures during film deposition result in larger grain sizes, 
which are typically associated with improved crystallinity and structural quality [31, 32].  

The formula determined the dislocation density (δ) of the Fe2O3 thin film as the length 
volume of the crystal. [33]. 

 
δ = 1

𝐷𝐷2
                                                                                        (2)    

 
 
The strain (ε) was calculated by using the formula [34]: 
 

ε = 𝛽𝛽𝛽𝛽𝛽𝛽𝛽𝛽𝛽𝛽
4

                                                                             (3)    
 
As the temperature increased, the dislocation density (δ) and strain also increased, 

transitioning from 81.77 to 67.25 and 31.35 to 28.43, respectively. Figure 2 visually depicts these 
changes in dislocation density and strain. The reduction in dislocation density suggests the 
formation of high-quality films because both dislocation density and strain are indicators of the 
dislocation network within the films [35, 36]. Table 1 reveals an inverse relationship between 
crystalite size and other parameters. A formula utilizing the volume of the crystal was utilized to 
compute the δ of the Fe2O3 thin film. 

 

 
 

Fig. 1. XRD styles of grown films.  
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Table 1. D, optical bandgap and structural coefficient of grown films.  
 

Sample 
 C)o(  

2 θ 
)o( 

(hkl) 
Plane 

FWHM 
)o( 

gE 
(eV)  

D  
(nm) 

) 41(× 10δ  
)2(lines/m 

Strain 
)4-(× 10 

350 33.21 110 0.75 2.17 11.05 81.77 31.35 
400 33.18 110 0.71 2.12 11.84 71.25 29.26 
450 33.16 110 0.68 2.06 12.19 67.25 28.43 

 
 

 

 
 

Fig. 2. FWHM (a) D (b) δ (c) ε (d) of the grown films. 
 

 
XRD tests reveal that the polycrystalline film exhibits various grain sizes, as observed in 

the AFM (Atomic Force Microscopy) images. The AFM pictures indicate a non-compact 
morphology with no fractures, displaying a granular nanostructure characterized by grain sizes 
ranging from 69.8 to 32.7 nanometers as the base temperature increases from 350 to 450 degrees 
Celsius, respectively. Furthermore, it was observed that the surface roughness (Ra) decreased with 
the rise in substrate temperature. Table 2 provides data on the root mean square (RMS) and 
average roughness (Ra) of the produced films. Both RMS and Ra values show a correlation with 
the substrate temperature, with Ra decreasing as the temperature increases. For instance, when the 
substrate temperature is raised to 450 degrees Celsius, the Ra value drops from 5.6 nanometers at 
350 degrees Celsius to 2.34 nanometers. This trend is consistent with the data presented in Table 
2, which highlights the decrease in roughness as the substrate temperature increases. The reduction 
in surface roughness with increasing substrate temperature is likely attributed to the growth of 
crystallite size [38]. As the temperature rises, the crystallites within the film tend to grow larger, 
resulting in a smoother surface. This phenomenon enhances the active surface area of the samples, 
making them suitable materials for applications such as supercapacitors [39]. 
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Fig. 3. AFM images (A1, A2 and A3), granularly distributed (B1, B2 and B3) and diversity of AFM parameters 
against thickness (C1, C2 and C3). 

 
 

Table 2. AFM parameters of the intended films.  
 

Sample  
C)o( 

Average Particle size 
nm 

aR 
 (nm) 

RMS 
 (nm) 

350 69.8 5.06 5.08 
400 41.6 4.52 4.20 
450 32.7 2.34 2.61 

 
 
SEM images in Figure 4 (a), (b), and (c) depict the surface morphology of Fe2O3 thin films 

at substrate temperatures of (350, 400, and 450) °C. Gradual increments in substrate temperature 
result in reduced grain size. The surface morphology at (400 and 450) °C slightly deviates from 
that at 350 °C. These morphological variations may be attributed to differences in lattice structure 
and defects formed during deposition, influencing chemical adsorption, nucleation, and growth 
processes. 
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Fig. 4. SEM images of Fe2O3: (a) 350 oC, (b) 400 oC, (c) 450 oC. 
 

 
Figure 4 displays the transmittance (T) spectra of the extended films. The graph reveals 

that the Fe2O3 thin film deposited at a substrate temperature of 450 degrees Celsius exhibits a 
minimum transmittance of 87% in the visible region. In contrast, the film deposited at 350 degrees 
Celsius shows a maximum transmittance of 93% in the near-infrared region. Reference [40] 
provides insight into the visible transparency quality of Fe2O3 thin films produced at different 
substrate temperatures, indicating that deposition temperatures around 350 °C are optimal for 
generating clear, uniform, and stoichiometric Fe2O3 films. Moreover, the transmission of films 
increases as the wavelength range expands and decreases as the temperature of the Fe2O3 substrate 
rises. As a result, the absorbance (A) is justified using the essential relationship between photon 
transmission and absorbance as the logarithm of the reciprocal of the transmittance. [41]:  

 
A = log 1/T                                                                            (4)  

 
Figure 2 depicts the absorbance spectra of the Fe2O3 thin films (5). Due to the low energy 

of falling photons, the absorption spectra exhibit an exponential decrease with increasing 
wavelength [21]. With rising Fe2O3 substrate temperature, it has been shown that the highest 
absorption peak changes toward the longer wavelength. According to the fundamental relationship 
between photon transmission and absorbance, the absorbance (A) is the logarithm of the reciprocal 
of the transmittance in general. It increases with a rise in the temperature of the Fe2O3 substrate. 
[42, 43]. 
 

 
 

Fig. 4. T of the grown films. 
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Fig. 5. Absorbance of the grown films. 
 

 
Equation (5) is used to calculate the absorption coefficient (α) utilizing the analyzed date 

from the transmission spectrum [44]: 
 

𝛼𝛼 =
2.303 𝐴𝐴

𝑡𝑡
                                                                                    (5) 

 
where (t) is the film thickness. α measured at various substrate temperatures is shown in Figure 
(7). It is evident that the absorption coefficient gradually increases in the high photon energy 
region before increasing suddenly close to the absorption edge. As a result, the value is dependent 
upon substrate temperature. When the substrate's temperature rises, it rises. Defective centers 
might cause absorption variations. The symmetry and imperfection of the lattice might alter 
absorption parameters [45, 46]. 

The energy gap (Eg) was calculated using the next equation. [47]: 
 

(𝛼𝛼ℎ𝑣𝑣) = 𝐴𝐴�ℎ𝑣𝑣 − 𝐸𝐸𝑔𝑔�
𝑟𝑟                                                                     (6)    

 
where hv is the photon energy (A) is constant, (r) =1/2. When substrate temperature was increased 
from (350, 400, and 450°C), respectively, the energy gap dropped from 3.2.17, 2.12, and 2.06 eV, 
as offered in Fig. 7. Due to the impact of the quantum confinement phenomena, the sample with a 
substrate temperature of 350 °C has a greater energy gap [48, 49]. These numbers are consistent 
with earlier research on Fe3O4 nanoparticles [50]. 
 

 
 

Fig. 6. α Vs hν of the prepared films. 
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Fig. 7. (αhν)2 versus hν of the prepared films. 
 

 
The attenuation of an electromagnetic wave as it travels through a material is indicated by 

the extinction coefficient (K). The values of (K) rely on the material's free electron density and any 
structural flaws. Using the connection, the extinction coefficient was assessed. [51]: 

 

𝑘𝑘 =
𝛼𝛼𝛼𝛼
4𝜋𝜋

                                                                                         (8) 

 
and by the relationship, k and α are directly connected. For all thin films made of (Fe2O3), the 
change in extinction coefficient is offered in Figure 8. Given that the previous connection connects 
k and α, it is evident that k acts similarly to the latter. Due to the acceleration of crystallite 
development, the extinction coefficient drops as the substrate temperature rises. [52, 53]. 

The index of refractive (n) could be derived from Eq. (9) [46]: 
 

𝑛𝑛 = �
1 + 𝑅𝑅
1 − 𝑅𝑅

� + �
4𝑅𝑅

(1 − 𝑅𝑅)2 − 𝑘𝑘2                                                                (9) 

 
The link between refractive index and wavelength, calculated using relation, is shown in 

Fig (9). The wavelengths have an impact on the refractive indices. Between 3.28 and 3.12 is the 
refractive index range, and it falls when the Fe2O3 substrate temperature rises from 350 to 450 oC. 
These declines are brought on by an overall rise in reflectance as the temperature of the Fe2O3 
substrate rises. [55]. 

 

 
 

Fig. 8. k of the grown films. 
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Fig. 9. n for grown films. 
 

 
In Figure (11), the depicted trend shows the resistance over time of Fe2O3 film at base 

temperatures of 350, 400, and 450°C for 300 ppm of NO2 at an operating temperature of 90°C. 
This demonstrates the effect of NO2 molecules, initiating surface oxidation. This process involves 
the release of bonded electrons by specific O2+ ions, leading to electron drift back to the 
conduction band [56, 57]. Consequently, this electron drift increases resistance and strengthens the 
potential barrier under these conditions [49, 50]. Notably, at a base temperature of 450°C, the 
Fe2O3 film displays the highest resistance (R), indicating a direct association with film sensitivity 
and robust resistance to gas flow [58]. 
    

 
 

Fig. 11. Dynamic resistance change of Fe2O3 film at 350, 400 and 450 oC base temperatures. 
 

 
The detection sensitivity, or sensor response, can be determined utilizing the equation 

[59]: 
 

𝑆𝑆𝑆𝑆𝑆𝑆𝑆𝑆𝑆𝑆𝑆𝑆𝑆𝑆𝑆𝑆𝑆𝑆𝑆𝑆𝑆𝑆 =
∆𝑅𝑅
𝑅𝑅𝑔𝑔

= �
𝑅𝑅𝑔𝑔 − 𝑅𝑅𝑎𝑎
𝑅𝑅𝑔𝑔

� × 100 %                                                      (10) 

 
Figure (13) depicts changes in sensor sensitivity with different base temperatures (350, 

400, and 450) °C post-exposure to NO2 gas. The decrease in sensitivity with increasing base 
temperature is attributed to charge carrier recombination between holes and electrons released 
from oxygen, leading to increased film electrical resistance [60, 61]. At base temperatures (350, 
400, and 450) °C, sensitivity declined from 58.2% to 34.3% for 300 ppm, from 56.4% to 32.2% 
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for 200 ppm, and from 54.3% to 29.9% for 100 ppm [62]. These trends indicate a complex 
relationship between base temperatures, film sensitivity, and response to various NO2 gas 
concentrations. 

 

 
 

Fig. 12. Sensitivity of Fe2O3 film at 350, 400 and 450 oC base temperatures. 
 
 
4. Conclusion 
 
The thickness of the obtained films was around for the Fe2O3 thin films made by Chemical 

Bath Deposition (CVD) technique at various substrate temperatures (320 nm). The films that were 
deposited had a crystalline phase, according to XRD data. The (110) preferred orientation is 
improved by increasing the substrate temperature ratio, and XRD examination has validated the 
Fe2O3 nanostructure in all samples. When the base temperature was raised from 350 to 450 oC, the 
grain size of Fe2O3 grew from 11.05 nm to 12.19 nm, while the strain increased from 31.35 to 
28.43.AFM pictures as substrate temperatures rise from 350 to 450 oC and surface roughness 
decreases from 5.06 nm to 2.34 nm. SEM images show Fe2O3 films at substrate temperatures (350, 
400, 450) °C. Increased temperature reduces grain size, influencing morphology. The optical 
properties revealed that all films' transmittance increased as the wavelength range expanded and 
decreased as the Fe2O3 substrate temperature increased. A Fe2O3 thin film with a substrate 
temperature of 350 oC has a maximum transmittance of 93% in the near-infrared region and a 
minimum transmittance of 87% in the visible region. Band gap values vary between 2.17 eV and 
2.06 eV for Fe2O3 substrate temperatures between 350 and 450 oC. Fe2O3 film resists NO2 
oxidation, showing highest resistance at 450°C—decreased sensitivity at higher base temperatures 
due to charge carrier recombination, affecting NO2 response. 
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